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 ABSTRACT 
The following reports on the past four years of work to examine the 
feasibility, sustainability and economic viability of developing a renewable, 
greenhouse-gas-neutral, liquid biofuel for commercial aircraft. 
The sharp increase in environmental concerns, such as global warming, as 
well as the volatile price fluctuations of fossil fuels, has ignited a search for 
alternative transportation fuels.  However, commercial aircraft can not use 
present alternative fuels that are designed for ground transportation.  Aircraft 
also have much longer service lives, are capital intensive to purchase, require a 
complex refueling infrastructure, and are specifically designed to use petroleum-
type liquid jet fuels.  Synthetic jet fuel, manufactured using a Fischer-Tropsch 
process from coal, is currently the only alternative jet fuel commercially available to 
aviation, but it presently experiences environmental challenges.  Biojet fuels are 
currently not commercially available for aviation, but have the potential to become 
quite acceptable   
If passenger growth increases at 5%/year, it appears the only way that the 
aviation industry can meets its environmental goals of reducing CO2 emissions 
would be through commercialization of carbon-neutral fuels.  This research 
shows that biojet fuels can be developed that do not compete with food or fresh 
water resources, will not lead to deforestation and will not cause other adverse 
environmental or social impacts.   
The approach of using a “drop in” jet fuel replacement, which would consist 
of a blend of kerosene and up to 50% biofuel will be possible for use in existing 
and future aircraft. A 60-80% lifecycle CO2 emission reduction is calculated for 
the biofuel portion with no performance degradation. New biofuel processing 
techniques (i.e. hydroprocessing, isomerization & distillation) and next 
generation feedstock sources (e.g. halophyte and algal biomass) appear to be 
the best pathways to enable the large scale deployment of sustainable and 
economically competitive biojet fuels in the near future. 
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 1.0 INTRODUCTION 
1.1 Objective 
The objective of the project was to evaluate the use of alternate fuels for 
use in commercial aircraft. The alternate fuels were to be considered a “drop in” 
replacement, meaning that the fuel could directly supplement or replace the use 
of current fossil-fuel-derived jet fuels.  Although Fischer-Tropsch fuels, derived 
from fossil fuels, were briefly considered, the main work focused on bio-derived 
fuels and their blends.  The research involved three areas: 1) technical feasibility 
of biofuels for commercial aircraft, 2) environmental sustainability of these fuels, 
and 3) evaluating plausible economic business cases for the use of sustainable 
biofuels in commercial aviation.   
As the drop in fuel would use the same infrastructure, and presumably be 
produced from many of the current jet fuel providers, the ultimate objective of the 
alternate fuel project was to encourage the fuel suppliers to develop, and 
industry to certify, an environmentally progressive non-fossil fuel derived jet fuel 
that can supplement or replace current jet fuel supplies. 
This report provides summary information that was generated over the past 
4 years.  Initially the project was worked internally to the Boeing Company with 
one researcher (Dave Daggett).  However, it grew to involve several fuel 
suppliers, research institutes, government organizations, and commercial 
airlines.  Prior to this project, no biofuels were known to be available for 
commercial aircraft.  This report will show that aviation biofuels are now feasible, 
environmentally acceptable, and may become economically attractive in the near 
future. 
1.2 Background 
Demand for air travel continues to grow, so much so that the industry’s 
growth rate is anticipated to outstrip aviation’s fuel-efficiency gains. Underlying 
this growth projection is an assumption that the industry will not be constrained 
by fuel availability or undue fuel price escalations. Future crude oil production 
may not be able to keep pace with world oil demand1 thereby forcing the 
transition to use alternative fuels.  
Several sources have documented the diminishing discovery of new 
petroleum sources and the ever-increasing global demand (Fig. 1).  
 1
  
Figure 1: The rate of oil discovery is falling while the rate of oil consumption is 
increasing2. 
Some sources state we may have already reached a point where half of the 
world’s crude oil has been consumed34, while others indicate that it will happen 
mid-century (Figure 2). In any regard, mitigation options must be implemented 
many years, perhaps decades, in advance of the actual peak oil event to assure 
a smooth transition to alternate fuels5,6.and avoid a possible collapse of our 
current society.7 
 
Figure 2: Alternate fuel sources will need to be developed to offset the 
anticipated peak production of conventional oil supply8. 
By 2026 the world’s jet fuel consumption could reach 221 billion gallons 
(836 million liters) per year.  Replacing 10% with an alternative jet fuel would be 
similar in scale to current world-wide liquid biofuels (ethanol and biodiesel) 
production.  These new energy sources will also help to address world energy 
demands that may soon outstrip crude oil supply. Of particular note are the 
growing energy demands of developing countries. For example, China expects 
 2
 to build 600 coal-fired power plants and India close to 200 over the next 25 
years9.  
Jet fuel prices have closely followed the price of crude oil, which has 
fluctuated wildly in price the last few years (Figure 3.)  Crude oil prices were just 
starting to increase prior to the commencement of this project.  As a result of the 
relatively stable fuel prices in the prior 20 years to this project, there was very 
little motivation to develop alternate fuels for aviation.   
Start of project
 
Figure 3. Oil prices have fluctuated widely recently prompting airlines to seek 
alternatives. 
Combustion of fossil fuel results in the formation of CO2 gas which is typically 
released as engine emissions.  For every kilogram (kg) of fuel burned, 3.155 kg 
of CO2 are formed.  It is accepted within the scientific community that these fossil 
fuel emissions have resulted in increases in atmospheric CO2 levels.   As CO2 is 
a well known greenhouse gas, these emissions are thought to be associated 
with a rise in global temperatures (Figure 4) which will cause changes to the 
climate.  Although commercial aviation contributes only 2-3% of the world’s CO2 
emissions10, aviation has been under scrutiny, especially in Europe11, to reduce 
its share of emissions. 
 
Figure 4.  Growing atmospheric CO2 emissions are of concern because they are 
understood to lead to climate change.12 
1.3 Report structure 
This report will discuss: why the commercial aviation sector has become so 
interested in alternate fuels, the types of biofuels that were developed and 
analyzed over the past 4 years, the characteristics of the successful biofuels, the 
reasons for flight demonstrating biofuels in commercial aircraft, a summary of the 
test results and the prospects of commercializing biofuels for aviation in the 
future. 
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 This project was funded by Boeing Research & Technology, initially at a 
very low level, but then increasing to a relatively significant amount.  
Subcontractors were engaged to supply biomass samples and to perform other 
supporting research.  This report will include a summary of the results of those 
subcontracts.  However, due to concerns at the Boeing company, the identity of 
all of these researchers will not necessarily be disclosed (Appendix B.) 
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 2.0 LITERATURE 
2.1 Need for alternative aviation fuels 
The airline industry is interested in alternate jet fuels primarily for 3 reasons: 
(1) the creation of additional fuel supplies, (2) the potential for cost reduction, 
and (3) environmental benefits.   Currently, nearly 100% of all aviation fuel is 
petroleum derived.  It is based on conventional and well-known refining 
technology with the ability to supply billions of gallons of jet fuel annually. In the 
past, these sources have been highly reliable and cost effective. However, the 
vulnerability and uncertainty of petroleum resources have demonstrated a 
propensity for gyrating costs and doubts of availability.  Environmental concerns 
have also recently become very important considerations. 
1.2.1 Projected growth in aviation fuel use-- Current aircraft have experienced 
dramatic improvements in fuel efficiency since the introduction of commercial jet 
aircraft in the 1960s. Next-generation aircraft, such as the Boeing 787, will see 
another 15% to 20% improvement in fuel efficiency, making air travel one of the 
most efficient means of transportation.  
Commercial aviation travel is anticipated to resume growing, at an average 
annual rate of 4-6% per year (Figure 5.)  Although recent commercial aircraft 
designs have achieved some 70% reduction in fuel consumption, the industry 
growth rate is anticipated to outstrip future efficiency increases.  Therefore, 
additional fuel will be needed.  As a consequence, the aviation industry is 
interested in alternate energy sources and alternate liquid fuels in particular.  
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Figure 5. The future growth in air travel is expected to lead to higher demand for 
fuel in an era of diminishing oil reserves.13 
1.2.2. Fuel costs— Jet fuel costs have traditionally been the 2nd or 3rd most 
costly cash operating expense for aircraft operators and makes up a significant 
portion of the daily operating budget (Figure 6.) 
 5
 Crew
Fuel
Ground 
Handling
Maintenance
Landing 
Fees
Navigation
Cash Airplane Related Operating Costs for 
787 Aircraft  
Figure 6.  Jet fuel is a significant portion of an aircraft operator’s cash expenses   
With the escalating cost of jet fuel and increasing labor productivity, which 
results in lower effective labor costs, fuel has recently overtaken labor as the 
most expensive cash cost for airlines (Figure 7.) 
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Figure 7.  For the first time in jet aircraft history, fuel costs have risen above 
labour costs14 
The increased need for aviation fuels, and the projected decrease in future fuel 
availability will no doubt increase the volatility of aviation fuel prices.  Although 
the world is not anticipated to run out of crude oil anytime soon, alternative 
energy sources need to be developed quickly to help address the end of “cheap 
oil.”   One key issue centers on finding a sustainable source of fuel for the future 
that will keep jet fuel costs at a reasonable level.  Airlines are therefore 
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 interested in developing alternative fuels so that this added fuel supply may help 
stabilize future jet fuel prices. 
1.2.3 Environmental drivers for aviation -- Because of the increasing 
concentration of CO2 in the atmosphere, alternative fuels must also address 
global warming issues.  Commercial aviation leaders have set a goal that future 
growth in the industry aspires to be carbon-neutral15.  Thus, carbon-neutral, or 
low carbon renewable jet fuels are a critical environmental need for aviation. 
The Commercial Aviation Alternative Fuels Initiative (CAAFI) and the 
Boeing company have both set a goal of certifying a blended renewable jet fuel 
in the 2010 time frame16.  By 2020, the FAA has set a goal of a 17% reduction of 
commercial aviation CO2 emissions as compared to a 2005 baseline.  IATA has 
a goal of a 50% reduction by 2050 and the US Air Force has a goal of using 50% 
biofuel use for military aviation by 2017.  Achieving these goals will require an 
enormous amount of biofuel to be brought on line.  Not only will biofuel need to 
displace a large amount of the existing fossil fuel use, but it will have to contend 
with the increase in industry growth.  Replacing older aircraft with higher 
efficiency aircraft, airplane technology improvements, and investments in Air 
Traffic Management (ATM) efficiency improvements may only be able to offset 
only a portion of the growth in CO2 emissions (Figure 8). 
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Figure 8.  Biofuels appear to be one of the few options available to constrain 
CO2 growth.17 
It has become apparent that no single energy source, or alternative fuel, 
will be able to replace the enormous amount of fossil fuels that will be used in 
the near term. The solution will most likely be a mix of improving energy 
efficiency, development of alternative fuels, and shifting of other sectors (e.g. 
automobiles) to alternative energy sources, such as batteries or fuel cells.  
These technologies are better suited to ground transportation, as their power 
density is not sufficient to be used by commercial aircraft for propulsion.  
Commercial aircraft will continue improving their fuel efficiency, while the US 
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 ground transportation sector may want to reverse its recent worsening fuel 
efficiency trend.   
2.2 The state of aviation alternate fuels prior to the study 
Some work was previously performed in an attempt to use biodiesel-type 
fuels in jet aircraft.  However, when this study was started, there were no known 
aviation biofuels in existence that were suitable for commercial aviation.  The 
only alternate commercial aviation fuel that was available in 2006 was a Coal To 
Liquid (CTL) fuel made in S. Africa. 
Aircraft jet fuels, such as Jet-A (commercial), JP-8 (US military common 
fuel), AVTUR (UK military standard)18, and others (Figure 9) have been 
developed over many years to have relatively high energy per unit weight and 
volume19.   These fuels also have high flashpoints (for safety), low freeze points 
(for use in extreme environmental climates) and are also easily stored inside the 
aircraft’s wings20. 
 
Specification ReferenceCommercial Fuel
U.S. Military Specification MIL-DTL-83133E. JP-8 also meets the 
requirements of the British Specification DEF STAN 91-87 AVTUR/FSII 
(formerly DERD 2453). NATO Code F-34.
JP-8
Military Specification MIL-DTL-5624U Grade JP-5 (as of Jan 5, 2004, JP-4 
and 5 meet the same US Military Specification).  
British Specification DEF STAN 91-86 AVCAT/FSII (formerly DERD 2452). 
NATO Code F-44.
JP-5
Specification MIL-DTL-5624U Grade JP-4 (as of Jan 5, 2004, JP-4 and 5 
meet the same US Military Specification)
British Specification DEF STAN 91-88 AVTAG/FSII (formerly DERD 
2454),where, where FSII stands for Fuel Systems Icing Inhibitor. NATO Code 
F-40
JP-4
Military Fuels
ASTM D6615, Canadian Specification CAN/CGSB 3.23Jet-B
ASTM D1655, British specification DEF STAN (Defense Standard) 91-91Jet-A1
ASTM D1655Jet-A
 
Figure 9.  There are several classifications of military and commercial jet fuels in 
the US.  
Currently, almost all alternative fuels present some challenges to 
implement when compared with conventional kerosene jet fuel21.  For example, 
Figure 10 shows that hydrogen has superior energy content per unit weight but 
exhibits a high specific volume.  Thus, an aircraft designed to use hydrogen 
would have to incorporate a fuel tank that is about 4 times larger than that for jet 
fuel.  However, the fuel would only weigh about 1/3 as much.  Alcohols, such as 
ethanol, have both poorer volumetric and weight performance as compared to 
Jet-A fuel.  Jet-A fuel, and identical alternates, are the best per unit volume and 
so this results in the least amount of fuel tank structure and associated weight. 
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Figure 10.  Aircraft fuels need to have high energy content per unit weight and 
volume. 
The fundamental performance requirements for a commercial jet fuel are 
that it has: (1) a low weight per unit heat of combustion (BTU) to allow the 
transport of revenue-producing payload and (2) a low volume per BTU to allow 
fuel storage without compromising aircraft size, weight, or performance. 
The type of fuel of immediate interest to aviation is termed a “drop in” fuel 
(i.e., direct replacement) and is one that can be blended with, or completely 
replace, Jet-A without necessitating any substantial modifications to engine or 
aircraft.22 
2.2.1 Hydrogen Fuel (H2): Hydrogen, publicized as the most 
environmentally benign alternative to petroleum, is actually just an energy 
transfer media and has drawbacks.  The production of renewable H2 needs an 
abundant source of affordable energy, such as electrical power produced from 
future nuclear reactors, and a large source of clean water. 
Although combustion of H2 emits no carbon dioxide (CO2) emissions and is 
lightweight, its production, handling, infrastructure, and storage offer significant 
challenges. The volumetric heat of combustion for Liquid Hydrogen (LH2) is so 
poor that it would force airplane design compromises.   
The use of LH2 would also require entirely new and more complex ground 
transportation, storage, distribution, and vent capture system. 
 
LH2 not only presents very substantial airport infrastructure and airplane 
design issues, but because of the need for heavy fuel tanks, a short-range 
airplane would experience a 28% decrease in energy efficiency while on a 500- 
nautical-mile (nmi) mission. However, because airplanes need to carry much 
more fuel for a long range flights, and LH2 fuel is quite lightweight, the lighter 
takeoff weight of the long range airplane results in an energy efficiency loss of 
only 2% while on a 3,000-nm mission.23 
2.2.2 Other Liquefied Fuels. The liquefied petroleum gases, propane and 
butane, are not cryogens, but they have many of the same storage and transfer 
problems associated with a cryogen. In-depth studies of these fuels have not 
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 been conducted because the natural supply of these fossil fuels is not sufficient 
to support the added burden of the worldwide aviation fleet.  Manufacturing 
propane or butane offers no availability, cost, or environmental advantage as a 
replacement for conventional jet fuel because it is fossil fuel based. 
2.2.3 Alcohols. As illustrated in Figure 10, alcohols (methanol and ethanol) 
have very poor mass and volumetric heats of combustion and are therefore not 
satisfactory for use as a commercial aircraft fuel. Even though they are not 
useful for commercial aviation, their widespread production and use could in-
fluence the supply and cost of conventional jet fuel by freeing up additional 
petroleum resources for aircraft. Their production might have merit in that 
context. 
Alcohol fuels result in airplane performance penalties. Ethanol takes up 
64% more room and weighs 60% more compared with Jet-A fuel. An alternative-
fueled airplane design of this type would experience a 15% decrease in fuel 
efficiency on a 500-nmi mission and a 26% efficiency decrease on a 3,000-nmi 
mission compared with a Jet-A fueled airplane23. 
2.2.4 Biofuels -  Biofuels are fuels that are typically derived from biomass or 
recently living biological organisms24.  Since living organisms tend to absorb 
atmospheric CO2 in their growing cycle, these fuels have the advantage of 
potentially being less carbon intensive over their entire life cycle when compared 
to fossil fuels.  As such, many biofuels can be very attractive fuel candidates. 
Plant-derived biofuel feedstocks include biomass such as soybean oils, 
palm oils, corn, switchgrass, and algae. These resources are considered 
renewable, but most would require large areas for plant nurturing. Current crops 
with high oil content such as soybeans, rapeseed, canola, and sunflowers are 
currently the starting materials used to produce bio-oils for biofuel production 
which can then be mixed with petroleum fuels25.  
The oil is obtained by first cleaning, cracking, and conditioning the plant’s 
beans or oil seeds. The beans are subsequently compressed into flakes. The oil 
can then be extracted through mechanical press or by a solvent extraction 
process. The primary components of bio-oils are fatty acids26. The first process 
in utilizing these bio-oils for current generation biofuels, such as biodiesel, is to 
convert the raw oil into an ester. These esters can be used directly, such as for 
biodiesel27,28 or can be modified into a variety of products. The ester from 
soybeans is sometimes referred to as SME (soy methyl ester) and from 
rapeseed, RME.  
One of the challenges of using SME in a commercial aircraft is its 
propensity to freeze at normal operating cruise temperatures (Figure 11). 
 
Figure 11.  Regular bio-diesel fuel (left) can not be used in an airplane because it 
freezes at the cold (e.g. -40 °C) operating conditions of aircraft (right.)29 
Another challenge of SME is the stability of the oil over time. Currently, it is 
advised that the product be used within 6 months of manufacture26. The lack of 
product consistency and storage stability, as exhibited by the cloudiness shown 
in Figure 12, can be common problems of biodiesel fuels. For these reasons, 
SME is usually blended with petroleum diesel in the US at a 20% blend. 
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Figure 12.  Over time, biodiesel (right) can experience stability issues (left).29 
For biofuels to be viable in the commercial aviation industry, significant 
technical hurdles needed to be overcome. Although biodiesel is not adequate for 
commercialization for aviation, the task was not insurmountable to create an 
improved biojet fuel for evaluation purposes.  For commercialization, aircraft 
equipment manufacturers and regulatory agencies will require evaluation and 
testing to make sure the biojet fuel does not have the same issues as biodiesel 
and to assure it meets performance requirements before biofuels can be 
approved.  
Ethanol currently provides about 2.85% of the US gasoline fuel needs while 
biodiesel supplies 0.21% of the US diesel fuel needs.30  This report will show 
that some specially processed biofuels can be blended with current jet fuel to 
enable this sector’s use of biofuel. This bio–derived jet fuel can be made from 
the same present and future sustainable plant products that biodiesel uses, 
which makes it attractive as a step toward a sustainable “carbon neutral” aviatio
fuel that will help address global warm
n 
ing issues. 
2.2.4.1 Previous biofuels for aviation – Driven by the energy crisis of the 
early 1980’s, research was begun in Brazil to find and develop alternative fuels 
for transportation.  Their current successful ethanol program is a result of those 
efforts and is well known, but aviation was also included in similar research.  
From 1980 to 1984, trials were performed using biodiesel as a replacement to jet 
fuel and the development of PROSENE®, an alternative biokerosene jet fuel, 
was undertaken.  The flight tests were made using Prosene in an EMBRAER 
turbo-prop powered aircraft.  This accomplishment was considered to be of 
strategic national interest and the results could not be published at the time.31 
The biokerosene tests were concluded on October 23rd, 1984, on 
“Aviator’s Day”, with a flight from São Paulo to Brasilia, with a flight time of 4 
hours. The aircraft used for the trial flight was a Brazilian “Bandeirante” 110, 
manufactured by EMBRAER (Figure 13.) 
 
Figure 13.  First turbine powered flight on biofuel was thought to be in 1984, in 
Brazil with an EMB-110 using biokerosene “prosene.”31 
However, as will be shown in section 4 of this report, after a more thorough 
examination of the biokerosene ester fuel was performed in Boeing laboratories, 
the results revealed that the fuel lacked sufficient thermal stability and energy 
content to be considered further as a candidate. 
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 There were also a few efforts to utilize bio-fuels in aviation turbines at 
Purdue University32 and at Baylor University’s Renewable Aviation Fuels 
Development Center33. David Stanley at Purdue University and his team tested 
various soy methyl esters blended into Jet-A fuel on a Garrett TPE 331-3U 
turboprop engine. Some promising results in terms of improved emissions were 
reported. R. O. Dunn also performed some work on evaluating the feasibility of 
utilizing vegetable lipid derived methyl esters as jet fuel extenders25. 
Two liquid biofuels were known to have been flight tested in aviation prior 
to this work; one was the aforementioned Prosene34, and the other was a refined 
biodiesel a.  However, neither of these fuels would meet the current jet fuel 
performance specifications in order to be considered a “drop in” replacement. 
2.2.5 F-T fuel background – In the 1920’s, the German scientists Franz 
Fischer and Hans Tropsch, invented a process to convert hydrogen and carbon 
containing feedstocks, such as coal, natural gas and biomass, through heat and 
catalytic reactions to syngas (CO and H2).  This is followed by conversion of the 
syngas into synthetic crude via the Fischer-Tropsch (F-T) process. The synthetic 
crude is further hydrofractured to synthesize paraffins with a small percentage of 
non-paraffins.   Such a plant, and a sample of F-T fuel, is shown in Figure 14. 
 
Figure 14.  F-T fuel manufacturing plant and F-T aviation fuel sample 
By early 1944, war-time F-T fuel production had reached more than 
124,000 barrels per day (19,700 m3/d) from 25 plants35. However, heavy aerial 
bombing of German F-T Coal To Liquid (CTL) plants wrecked havoc on this 
production streamb. 
The only current commercially known drop-in alternative jet fuel was found 
to be a synthetic CTL fuel manufactured in South Africa. It was the only F-T fuel 
approved in the jet fuel approval certification ASTM D1655.  It is dispensed at 
the Johannesburg airport in a blend of approximately 30% F-T fuel.  Another 
                                            
a On October 2007, a 1968 Czechoslovakian L-29 fighter jet reached around 17,000 feet (5,200 meters) on 
100 percent biodiesel (biojet-1) during a test flight in Reno, Nev.   The aircraft was chosen because it has 
fuel-line heaters to keep the biodiesel from gelling. 
 
b A senior German-American Boeing engineer (Gerhard Seidel) tells the story of when a decoy F-T plant 
was built near his hometown in Germany to help divert WWII aerial bombing of an actual F-T plant.  When 
the wooden decoy F-T plant was completed, allied bombers dropped a wooden bomb on it with the 
message “wood on wood.” 
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 synthetic liquid fuel, which is expected to soon become commercially available, 
is derived from natural gas and is called a Gas To Liquid fuel or GTL36. These 
alternative aviation fuels, also synthesized through the Fischer-Tropsch process, 
are suited to supplement conventional kerosene fuels. Although these fuels can 
exhibit poorer environmental performance than other fossil fuels, it was found to 
be the most readily available near term alternative.  As these fuels are at the 
commercialization phase, this report will only provide cursory reporting of F-T 
fuels.  Prior to the start of this alternative fuels project, almost all work on 
alternative fuels was relegated to F-T fuels. 
The positive attributes of F-T fuels include a cleaner fuel with no sulfur, 
higher thermal stability, and lower particulate engine emissions. The negative 
attributes include poorer lubricating properties, lower volumetric heat content, a 
probable contributor to fuel system elastomer leakage (in high percentage 
blends,) and possible increased CO2 emissions during its manufacture.   
The US Air Force Research Laboratory (AFRL) has been conducting lab, 
ground and flight tests of F-T fuels over the past 4 years38.  The Air Force 
motivation for developing these fuels are the same as the commercial airline 
sector, except that fuel availability and security might be considered a higher 
priority due to US national defense reasons.  Environmental issues are still 
important. 
The approval for the use of other generic synthetic F-T fuels in modern 
aero engines was recently approved under ASTM D 7566 certification with 
supporting work conducted by major engine and airframe manufacturers.  
2.2.5.1 Synthetic-Fueled Engine Tests. Compared with conventional 
kerosene fuel, synthetic F-T fuels are characterized by a higher hydrogen-to-
carbon ratio (H/C-ratio) which may also help lowering particulate exhaust 
emissions. Tests performed so far with older style turbine engines demonstrated 
a significant reduction in particulate emissions (Figure 15). However, the results 
are highly dependent on engine technology status.  
Reduced particulate emissions have also been seen as one of the benefits 
observed in diesel engines37.  This emissions reduction phenomenon in gas 
turbines has only recently been substantiated in newer technology, large turbine 
engine tests that will be discussed in section 4.0  
 
Figure 15.  Reduction of exhaust emission particulates has been found small 
APUs when using F-T fuel blended in JP-8.38  
Another positive attribute of synthetic F-T fuels is their higher thermal 
stability, resulting in less fuel system deposits, which is of importance to high 
performance military aircraft engines.   Figure 16 illustrates thermal stability test 
results for F-T fuels at the AFRL.  The traditional baseline military JP-8 jet fuel, 
which is similar to Jet-A fuel, results in about 325 micrograms of carbon deposit 
in the AFRL tube flow reactor test unit.  Using a thermal oxidation stabilizer 
additive (Betz +100), the thermal deposits decreased to about a 1/3.  JP-7 fuel, a 
very expensive, but very high performing jet fuel, exhibited almost no deposits as 
did the 100% F-T fuel.  A 50/50 blend of the CTL F-T fuel also showed very low 
thermal degradation deposits. 
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Figure 16. Thermal deposition of various fuels in the AFRL single tube flow 
reactor test rig shows that F-T fuels have excellent thermal stability 
characteristics38. 
Compared with conventional jet fuels, F-T fuels show excellent low-
temperature properties and maintain low viscosity at lower ambient temperatures 
than petroleum jet fuels. This could improve high-altitude operability and low-
temperature starts of the engine.  Figure 17 shows the viscosity of the various 
fuels versus the temperature. 
 
Figure 17. F-T synthetic fuels (S-8 and S-5, synthetic replacements of JP-8 and 
JP-5) also have very good cold flow qualities38. 
The negative attributes of F-T fuel include poorer lubrication properties, 
lower volumetric heat content, possible contributor to fuel system elastomer 
leakage (lack of aromatics reduces seal swell), and possible increased CO2 
emissions during its manufacture. This negative environmental attribute of F-T 
fuel may be the largest hurdle to overcome as fuel additives can help address 
the other shortfalls, such as lubricity. 
Large quantities of energy are used during the manufacturing process of 
CTL fuels, which results in the release of about twice the CO2 into the 
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 atmosphere as compared with that of crude oil derived jet fuel. Figure 18 shows 
the relative life cycle CO2 emissions from various fuels, using current jet fuel as 
the baseline. CTL fuels can only be considered as a viable alternative to 
petroleum if the CO2 emissions generated during production can be captured 
and permanently sequestered. However, this can add substantially to the cost of 
F-T fuels39. 
 
Figure 18. F-T fuels exhibit high life-cycle CO2 emissions, requiring unproven 
carbon capture and sequestration during the manufacturing phase.40   
Recently, section 526 of the 2007 Energy Independence & Security Act 
was approved in the US which prohibits the purchase of alternative fuels which 
would result in higher CO2 emissions as compared to fossil fuel petroleumc.  As 
the F-T fuels tend to be much higher emitters of CO2, this bill has caused a shift 
in alternative fuel thinking at many parts of the US Department of Defense from 
F-T fuels to biofuels. 
2.2.6 Feedstocks – Prior to the study, a survey of commonly known feedstocks 
for alternative aviation fuel was conducted (Figure 19.)  The most commonly 
known are fossil fuels, such as natural gas and coal.  Other feedstocks for oil-
based biofuels are:  fats, oil seeds, oleoresins, waste products and the oil 
containing organism algae.  Sugars that are derived from cellulosic biomass are 
also well known as a feedstock for ethanol. 
                                            
c Section 526 - Prohibits a federal agency from entering into a contract for 
procurement of an alternative or synthetic fuel, including a fuel produced from 
nonconventional petroleum sources, for any mobility-related use (other than for 
research or testing), unless the contract specifies that the lifecycle greenhouse gas 
emissions associated with the production and combustion of the fuel supplied under the 
contract must, on an ongoing basis, be less than or equal to such emissions from the 
equivalent conventional fuel produced from conventional petroleum sources. 
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Figure 19.  The most commonly known feedstocks for alternate jet fuels prior to 
the study 
The basic technical feasibility of producing biofuels from vegetable oils and 
similar sources, that have the same or better properties than conventional jet 
fuels and F-T fuels, has now been proven through flight demonstrations by 
Boeing, several airline partners and four aircraft engine OEMs (Original 
Equipment Manufacturers)41 that will be discussed in the next section. 
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 3.0 METHODS 
The study pathway (Figure 20) provides an overview of the methodology 
employed in this study to assess whether biofuels for aviation were feasible.   
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Figure 20.  BioJet Fuel Study Pathway 
There were 3 major study thrusts in the project: fuel development, 
feedstock assessment and flight demonstrations.  The fuel development process 
ensured that a biojet fuel could be developed that would be suitable as a “drop 
in” replacement and could later be certified for commercial use.  Feedstocks for 
the biofuels were also assessed as it was seen as a critical element in 
determining the feasibility of a commercialized biojet fuel supply.   Lastly, a flight 
demonstration was seen as a very valuable step in helping to speed the entire 
process along.     
3.1 Fuels Considered 
One of the ground rules, or methods, used in this study was that all of the 
fuels evaluated were to be derived from biomass.  These fuels are hence 
referred to as sustainable aviation biofuels or simply “biojet.”  Two basic types of 
feedstock to make the biojet are considered: plant oils and cellulose.  There are 
many types of processing methods to convert the feedstock into a biojet fuel46.  
Depending on the process used, the end result will produce either an ester type 
of biofuel or a biological-derived Synthetic Paraffinic Kerosene (bio-SPK).  Figure 
21 provides a simple illustration of these different options and the fuel processing 
steps used for each type of feedstock conversion. 
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Figure 21. A few processing methods for biofuels 
As will be discussed in section 4.0, the ester biofuels were found to not be 
suitable for commercialization for aviation biojet fuels, but are nevertheless 
discussed because one of the fuels used in a flight demonstration was indeed an 
ester.  Hydrotreating of vegetable oils is a good option that was found to be 
suitable to create bio-SPK fuels and this process was used to create 3 of the 4 
fuels used for flight demonstrations.  Hydrocracking will be briefly discussed as it 
is a widely used process for refining fossil fuels into jet fuels.  Lastly, synthetic 
biology is a very promising, but immature, processing technology for making bio-
SPK. 
The following discussion provides more detail on the makeup and 
differences between ester biofuels and bio-SPK as well as several processing 
methods that could be used to manufacture bio-SPK.  The reasoning for each is 
discussed. 
3.1.1 Baseline Jet-A1 fuel – A baseline fossil jet fuel was selected in order 
to compare the biojet fuels against.  The two types of jet fuels most used are Jet-
A fuel and Jet-A1.  These fuels are very similar, but Jet-A1 has a lower 
freezepoint of -47C while Jet-A fuel is -40C.  Because of the lower freezepoint of 
Jet-A1, this fuel was chosen as the baseline comparison fuel.  It was also 
chosen as the blending agent for the flight demonstrations in the event that a 
100% pure (NEAT) biojet fuel was not able to achieve the -40C freezepoint by 
itself.  As a result, a poorer performing biojet fuel could theoretically be blended 
with a better performing Jet-A1 so as to achieve an overall -40C freezepoint of 
the blended fuel. 
One of the attributes of jet fuel is that it is s a blend of different hydrocarbon 
molecules, many of which are straight chained varietiess.  Other components are 
cyclic compounds (e.g. aromatics) or branched molecules (e.g. Iso-paraffins.)42  
Figure 22 illustrates one of the more common hydrocarbon molecules in Jet-A1, 
a straight chained C11H24. 
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Figure 22.  C11H24 is a common length fuel molecule in Jet-A1 fuel. 
The various HC compounds making up jet fuel and their melting points are 
found in the table below. 
Table 1. Composition of typical Jet-A fuel HC compounds and melting 
points.43 
Hydrocarbon type Wt% Melting point (C) 
Iso-octane 3.66 -107.4 
Methylcyclohexane 3.51 -126.9 
m-xylene 3.95 -47.4 
Cyclo-octane 4.54 14 
Decane 16.08 -30 
Butylbenzene 4.72 -75 
1,2,4,5-
Tetramethylbenzene 4.28 77 
Tetralin 4.14 5.3 
Dodecane 22.54 -10 
1-
Methylnaphthalene 3.49 N/A 
Tetradecane 16.87 5.5 
Hexadecane 12.22 18.14 
  
There are also different length HC chains in jet fuel as illustrated in Figure 
22.  Figure 23 illustrates the distribution of the various carbon lengths of 
hydrocarbons in Jet-A1 fuel that was performed in the Boeing fuel laboratory.  
The bottom portion of the figure is a Gas Chromatograph analysis of the baseline 
Jet-A1 fuel while the top portion of the figure shows the distribution of molecules 
in the makeup.  Clearly, the highest percentage of HC molecules is the C11 
variety, making up about 30% of the fuel.  The range of chain lengths for the 
baseline Jet-A1 typically varies between C8 and C15. 
 19
 5 10 15 20 25 30
C15 C16C11 C12 C13 C14 C17 C18C10C9C7 C8
Jet A-1
0
0.1
0.2
0.3
0.4
0 5 10 15 20 25 30
Fuel Carbon Number
A
m
ou
nt
 (%
)
Jet-A1
A
m
ou
nt
 (%
)
 
Figure 23.  Baseline Jet-A1 was a mixture of various length HC molecules. 
In order to achieve a “drop in” alternate fuel that has the same performance 
characteristics at jet fuel, it will be important for it to have a similar HC chain 
makeup profile.  As will be discussed later in this report, longer chained HC 
molecules tend of have better energy density characteristics (per unit volume) 
but can be more difficult to ignite.  The shorter chained molecules tend to have 
better freezepoint and ignition characteristics but exhibit poorer energy density.44  
Having too many HC compounds on either extreme of this distribution will 
adversely impact the airplane energy operating characteristics, safety, or 
airplane flight endurance.  Therefore, one of the study methods of this endeavor 
was to evaluate the alternate fuel’s ability to mimic the compositional makeup of 
the baseline petroleum jet fuel. 
ASTM is the main technical organization that specifies and maintains jet 
fuel performance testing specifications.  Figure 24 illustrates the main 
performance requirements for Jet-A and Jet-A1 fuels.   
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Figure 24.  ASTM D-1655 jet fuel performance specifications 
3.1.2 Ester biojet fuel – Through a process called transesterification, long 
chained triglyceride vegetable oils (e.g. soy and rapeseed oil) can be used to 
create shorter chained HC ester molecules.  These ester compounds tend to 
have improved cold flow properties over the base vegetable oil.  Figure 25 
illustrates this process.   
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Figure 25 Transesterification process was used to create one ester-based biojet 
fuel 
Vegetable oils contain hydrocarbon compounds (R1, R2 and R3), of various 
carbon chain lengths that are joined together to form a triglyceride.  During the 
transesterification process, the vegetable oil is heated to about 60C and a 
mixture of about 20-22% (volume) methanol and catalyst (typically Potassium 
Hydroxide) are added to the warm vegetable oil.  During a short period of 
agitation (about 20 minutes) the triglyceride molecule is split apart into three 
Methyl Ester compounds while one Glycerol compound is formed as a by 
product.  The mixture is then allowed to settle wherein the glycerol settles to the 
bottom of the mixture that can then be removed.  The remaining esters can be 
further filtered, washed and dried to create a Fatty Acid Methyl Ester (FAME) 
fluid that is commonly known as biodiesel.   
Since biodiesel has similar fluid properties to diesel fuel, and diesel fuel has 
similar properties to jet fuel, it was originally thought that a transesterification 
process could be successfully used to create a biojet fuel that might have  
acceptable properties. 
3.1.2.1 Transesterification Post-processing - This process uses a modified 
transesterification process wherein an additional processing step takes the 
biodiesel fuel and removes the high freeze point carbon chains (saturated long 
chained alkenes) through urea and a centrifuging process.  This process was 
also evaluated in the study as it had the opportunity to create biojet fuel, through 
a low energy conversion process, which would presumably be less expensive 
than other processing methods. 
3.1.3 Bio-SPK – Several fuel processing methods are available to 
transform biomass into a bio-SPK fuel.  Some of the more common processes 
are briefly covered as well as the most promising near term hydrotreating 
method to create a bio-SPK. 
3.1.3.1 Hydrotreated Vegetable Oil (HVO) - This process actually involves 
several different steps to create a suitable biojet fuel that can meet all of the Jet-
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 A fuel performance specifications.  These steps can include: a pre-
conditioning/cleaning step, an oligomerization step, a decarboxylation (de-
oxygenation) reaction, selective cracking, isomerization, and distillation. 
First, the oil is cleaned to remove impurities using standard oil cleaning 
procedures.   In one HVO process45, the oil goes through an oligomerization step 
to extend the carbon chain length of the HC compounds.  This is aimed at 
building up short chained compounds that could then be effectively utilized in the 
rest of the HVO steps. 
The next (decarboxylation) step involves removal of the oxygen atoms from 
the compound.  This involves adding hydrogen, under high temperature and 
pressure, to the oil mixture and passing it through a catalyst.  As Figure 26 
illustrates, the triglyceride (vegetable oil) can then be converted into an oleic 
acid.  For HC molecules that are saturated (have no double bonds) such that all 
carbon molecules are attached to other carbon/hydrogen atoms, these 
molecules may be directly converted into an Alkane or Paraffin.  For those that 
are unsaturated (have double bonds,) selective cracking occurs under high 
temperatures and pressures to break the double bond in the compound and add 
a hydrogen atom which then becomes a straight chained alkane or paraffin.  By 
removing the oxygen atoms, the fuel’s heat of combustion is increased and its 
thermal stability will also be increased.  The removal of the heteroatoms (e.g. 
Nitrogen and Sulfur) by hydrotreating also increases the thermal stability of the 
fuel.  Therefore, the resulting fuel has a higher heat of combustion as compared 
to nominal jet fuel as well as excellent thermal stability.   It is thought that straight 
chained hydrocarbons do not exhibit as good of freezepoint as branched 
molecules, and so an additional isomeriziation step is used to create branched 
chain molecules that will further improve freezepoint. 
The next isomerization step breaks or cracks the paraffins to mostly 
branched paraffins, which are by now almost completely saturated, thereby 
improving the freeze point of the fuel.  This end product is largely independent of 
the source bio-oil. 
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Figure 26. A Hydrotreated Vegetable Oil process produces a biofuel with 
excellent cold flow properties.45 
The last step is to select the proper fraction of HC molecules that have the 
same carbon chain lengths as Jet-A fuel so as to mimic the same carbon 
distribution (Figure 23.)  A fractionation process can be used for this process.  
Some of the by products will either be shorter or longer chained HC molecules 
than are needed for the bio-SPK.  Therefore, only a portion of the feedstock that 
goes into the fractionation process will be used as biojet fuel … typically around 
50%.  The rest could be used for other fuels, such as green diesel.   
The closer the original oil HC carbon chain length is to jet fuel, the higher 
the yield of biojet fuel will be experienced and the less processing will be 
required.  Thus, an ideal bio-oil feedstock will have a preponderance of C10-C14 
molecules.  For longer length HC molecules, a more severe cracking process will 
be needed to break down the chains into suitably smaller chains, especially for 
molecules that have no (weak) double bonds and those that are fully saturated 
(very stable.) 
This HVO process is probably most suitable for making biojet fuels from 
(preferably unsaturated) vegetable oils.  The process operates at moderate 
temperatures (250-350C) and pressures (normally 0-5 MPa but up to 20 MPa)45.  
This process was a prime candidate to make biojet fuel, because several refining 
companies suggested this process held the most hope for a lower energy 
conversion process than hydrocracking. 
3.1.3.2 Cracking Process.   There are several cracking processes that are 
typically used to refine crude oil; thermal cracking, catalytic cracking and 
catalytic hydrocracking46.  The same cracking process could conceivably be 
used with a blend of crude oil & bio-oil to manufacture a semi-biojet fuel.  
However, these processing methods tend to be run at higher temperatures (350-
420C) and pressures (6.9-13.8 MPa)47 as compared to the hydrotreating 
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 process used for HVO.  This cracking processing method may therefore be more
energy intensive, resulting in a fuel that either has a higher carbon footprint or a
biojet fuel that is more expensive.  As cracking is a well known technology, and it 
might not produce a biofuel with as good of environmental performance, it wa
not pursued further for this wo
 
 
s 
rk. 
3.1.3.3 Synthetic Biology Process.  -  This is a relatively new field and 
process.  It involves engineering bacteria to will make specific hydrocarbons 
from sugars.  A two-step process is envisioned.  First, lignocellulosic material is 
digested with enzymes that break down the lignin that binds the sugar strands 
(i.e. Zylose) into cellulosic material.  This is a somewhat similar process to that is 
used in the “cellulosic ethanol” process.  Next, a fermentation process uses 
genetically designed microbes to convert the sugars into single chain 
hydrocarbon molecules.48  These HC compounds could then be blended in small 
quantities with conventional jet fuel (to maintain current performance properties) 
or be mixed with different length HC chains that were built with different 
microbes.  All of these single chain biojet mixtures could then be blended into a 
biojet “cocktail” that has similar carbon to hydrogen ratio distributions as 
petroleum jet fuels.   
Although this process looks very promising, its immaturity resulted in it not 
being considered feasible for near term use.   However, one fuel sample was 
evaluated and will be reported on in the next section. 
3.1.3.4 Thermal Bio To Liquid (BTL) Processes.  There are several basic 
pathways to producing renewable biojet fuels from lower cost lignocellulosic (e.g. 
woody mass, switchgrass, corn stover) feedstocks.   While biodiesel and bio-
ethanol production so far only use parts of a plant (i.e. oil, sugar, starch or 
cellulose,) BTL production uses the whole plant.  Because BTL can use all of the 
plant material, it has the potential to use less land area per unit of energy 
produced as compared with traditional feedstocks currently used to produce 
biodiesel or bio-ethanol. 
A thermochemical process can be used to convert the lignocellulosic 
biomass into either a “pyrolytic oil” or a mixture of H2 and CO gas, either of which 
can then be used to catalytically produce a synthetic biojet fuel.   However, this 
process can also be energy intensive, having to partially combust the biomass to 
bring the gas mixture up to 1,500C with pressures up to 30 Bar49.   
This process was also not pursued for the same reasons as was described 
in section 3.1.3.2. (Cracking).  It was thought to be too energy intensive to be 
environmentally acceptable. However, to validate this assumption, its life cycle 
analysis impact was investigated and will be reported in the next section. 
3.1.3.5 Hybrid F-T Process - In this catalytic depolymerization process, 
heat and pressure are used to separate usable fuel from hydrocarbon wastes.  It 
converts the feedstock molecules directly to biojet fuel without breaking them 
down too far (i.e. H2, CO, O2) before resynthesising them back to the intended 
larger molecular structures. Therefore depolymerization can achieve the same 
result with less energy than is required for a BTL fuel.  However, controlling the 
reactions is a challenge.  In another embodiment, this depolymerization 
technique could be combined with other processes, such as enzymatic 
processing, to generate an efficient biojet fuel.  As this process is rather 
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 immature and capital intensive, no fuels were obtained from this method, and so 
its performance remains unknown and is not covered in this research. 
 
3.2 Feedstocks Considered 
There are two basic classifications of biomass feedstock for biofuels.  The 
first are cellulosic & starch materials that are typically fermented to make alcohol 
biofuels.  The second classification is oil containing plant products (e.g. oilseeds) 
that can be refined into a biodiesel or biojet fuel.  The following very briefly 
describes the various feedstocks and discusses reasoning to include them in the 
study. 
Biofuels provided 1.8% of the world’s transportation fuel in 2008, most of it 
coming from ethanol.50  Due to its low energy content and low flashpoint, ethanol 
is not suitable for aircraft.   However, it works well in ground transportation 
vehicles that are designed to use gasoline. Due to ethanol’s non-fossil fuel 
origin, and its capability to reduce vehicle exhaust emissions, it is highly 
desirable as an alternative fuel for use in these applications.  Thus, it was 
decided in the beginning of this study to focus on feedstocks that would not 
compete so highly with ground transportation fuel needs, such as ethanol.  This 
left oil seeds and oil containing organisms. 
Vegetable oil feedstocks currently comprise mainly soybeans, rapeseed 
and palm, which have relatively low yields of oil51, can compete with food/feed 
production123 and don’t necessarily have sustainable life cycles52.  Next 
generation feedstocks, such as Jatropha, Camelina, and algal biomass would be 
required to avoid these shortcomings. Table 2 provides suggested desirable 
environmental characteristics for aviation fuel feedstocks in this study. 
Table 2, Biomass feedstock sustainability ground rules 
 
3.2.1 Oil Seed Feedstocks 
Many plants produce seeds that have high oil contents. This oil can be 
metabolized for energy by the seeds when they drop from the mother plant and 
begin their journey to sprout their own roots, stems and leaves. 
3.2.1.1 Soy – The soybean (US) or soya bean (UK) is a well known oil seed 
legume that is native to East Asia. It is a hardy annual plant that is drought 
tolerant.  It has the added benefit of adding (fixing) nitrogen into the soil, which is 
a fertizlier, and so is typically used in crop rotations.  Together, oil and protein 
content account for about 60% of dry soybean weight; protein at 40% and oil at 
20%. The remainder consists of 35% carbohydrate and about 5% ash.   
This feedstock is widely used in the US for production of biodiesel.  Due to 
its availability, affordability and well known characteristics, it was included for 
consideration in this study. 
3.2.1.2 Rapeseed –Brassica napus, also known as rape in Europe, is a 
bright yellow flowering member of the family Brassicaceae (mustard family).  The 
US Department of Agriculture reports that in 2000, rapeseed was the third 
leading source of vegetable oil in the world, after soybean and palm oil.  It 
contains up to 50% oil content, which makes it a good feedstock for biodiesel 
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 production.  Other varieties of the Brassicaceae family include Camelina and 
Canola (which was engineered in Canada to have a low acid content to improve 
its taste.)  Plants in the Brassica family have the ability to be able to be grown 
under rain-fed conditions and in colder climates 
3.2.1.3 Camelina – This crop is from the same Brassicaceae family as 
Rapeseed.  Camelina sativa is an ancient plant, originating in Northern Europe, 
and was originally used as a food crop.  It can be used as a rotation crop with 
other food crops, such as wheat.  Although this feedstock is edible, it was 
chosen as a candidate because of its current availability in the US, it’s relatively 
low cost, and because it is not currently approved for human consumption in the 
US.  Because of its tendency to be used as a rotation crop, it has the potential to 
not compete directly with food crops … at least until it is approved for human 
consumption by the USDA. 
 
Figure 27.  Camelina, which belongs to the same family as Rapeseed and 
Canola, was chosen as a feedstock to studyd 
3.2.1.4 Jatropha – Jatropha is a genus of approximately 175 plants, shrubs 
and trees from the Euphorbiaceae family. Jatropha Curcas is native to Central 
America and has become naturalized in many tropical and subtropical areas, 
including India, Africa, and North America.53 The mature small trees bear 
separate male and female flowers. As with many members of the family 
Euphorbiaceae, several varieties of Jatropha contain compounds that are highly 
toxic and so have earned the common name of “black vomit bean.”54  However, 
the Jatropha bean does typically contain 27-40% oil (average: 34.4%).55 
                                            
d Photo provided by Tim Rahmes, The Boeing Company 
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Figure 28. Jatropha Curcas plant 
The leftover cake is claimed to be used as a fertilizer and the organic waste 
products can be anaerobicly digested to produce biogas (methane). The plant is 
believed to prevent and control soil erosion or can be used as a living fence or to 
reclaim wasteland56. Jatropha can grow without irrigation in a broad range of 
rainfalls, from 250 up to 3000mm per annum57 Jatropha is also reported to have 
few pests and diseases, but this may change when it is grown in commercial 
plantations with regular irrigation and fertilizers.58  As the oil produced by this 
crop can be easily converted to biofuel, Jatropha plantations have become a 
rapidly growing industry.   
This crop earlier gained the reputation as an ideal crop for biodiesel, and so it 
was included as a candidate in the study and was also used as a feedstock to 
make up at least a portion of the 3 biojet fuels that were flight demonstrated. 
3.2.1.7 Castor – This crop is a species of flowering plant in the spurge 
family Euphorbiaceae, which is the same as Jatropha.  As such, it has many of 
the same desirable qualities such as: high triglyceride oil content of the seeds 
(40-60%), the plant is drought resistance and an ability to survive on degraded 
lands.  The plant also has some of the same drawbacks of Jatropha, such as 
intolerance to cold and the seeds contain a toxic substance … only the Castor’s 
toxic Ricin is much more powerful than the Jatropha plant’s toxin. 
This feedstock was chosen as a study feedstock because it appears to 
have all of the same benefits of Jatropha, but fewer of the drawbacks.  This crop 
might be ideally suited to areas, such as the central planes area of the state of 
Bahia in Brazil.  The crop is already widely gown, China being the number one 
producer of the crop with some 830,000 tones per year production in 2008.59  
Thus, it could be considered a near term solution for additional biofuel demands. 
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Figure 29.  The Castor plant, from which Castor oil is derived, was another 
feedstock candidate chosen for this study. 
3.2.1.5 Halophytes – These are salt (halo) tolerant plants (phytes) that 
grow in saline conditions.  Most plants do not tolerate very high levels of salt and 
so there are very few species that can be classified as a true halophyte, on the 
order of only 2% of plants60 with potentially 250 varieties that could be cultivated 
for crops.61   97% Earth’s water is seawater and 43% Earth’s land is arid or 
semi-arid.  There are 1-2 billion hectares of natural saline soils and another 
billion acres of desert that overlies saline aquifers61.  Many of these plants could 
therefore be used to simultaneously make food, fodder and bio-oil, so halophytes 
were a good candidate to include in the study.  
Salicornia bigalovii (glasswort) is a good example of a plant that tolerates 
very high levels of salt water, growing well at up to 70 grams per litre (gm/ltr) of 
dissolved salts62.  Sea water typically contains 40 (gm/ltr) of dissolved salts 
(mostly sodium chloride).    
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Figure 30.  The halophyte “Salicornia” was chosen as a feedstock candidatee 
Halophytes were chosen for study as they would presumably not compete 
with fresh water resources or farmland.  There is also the possibility that the salt 
tolerant genes in these crops could be used to create new halophyte oil seed 
crops and so these crops could take advantage of the 10-50% of the current 
farmland that have reduced productivity due to salinity encroachment which 
would enable another 1.5-7.0 billion hectares of growing area.63 
3.2.1.6 Palm – There are two main species of palm oil trees (Elaeis) that 
are used to obtain the edible palm oil.   The African Oil Palm Elaeis guineensis is 
native to west Africa while the American Oil Palm Elaeis oleifera is native to 
tropical Central America and South America.64   Oil can be extracted via two 
processes in a palm, from the fresh fruit branches and from the kernel oil, whose 
carbon number tends to be in the C6-C20 range (peak at C12.)  From a technical 
performance standpoint, the similar carbon distribution of palm oil makes it an 
idea feedstock for biojet fuel.  However, palm plantations have been implicated 
with deforestation.  Therefore, it did not meet the study’s sustainability 
requirements listed in Table 2, and so was only included for making small biojet 
fuel samples for analysis but was not considered for flight demonstrations. 
3.2.2 Other oil containing feedstocks 
Although oil seed crops produce most of the current bio-oil, other 
feedstocks are showing high potential to produce large amounts of bio-oil that 
could be used as a feedstock for biofuel production. 
3.2.2.1 Algae – This organism has a great potential to develop bio-oils for 
use in making renewable, greenhouse-gas-neutral, liquid biofuels.   
                                            
e Photo courtesy of Mark Bilal Bomani, NASA Glenn Research Center, Cleveland, OH 2009 
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 Algae are interesting organisms, exhibiting characteristics of both plants 
and animals.  They have photosynthesis capabilities that plants possess, but 
some algae also have animal characteristics such as tails (flagella,) active 
buoyancy control mechanisms (vacuoles,) and light sensing eye spots.65 
 
Figure 31.  Algae are a promising feedstock that was chosen to study. 
One advantage of the microalgae is its potential to achieve much higher oil 
production efficiency than conventional oil crops.  This is due, in part, to its 
continuous production process and possible high oil percentage content.  These 
organisms also do not have to expend precious energy making roots, stems, 
branches, leaves, and seed husks that oil seed crops must produce and so can 
devote their energy to making new cells and building up lipid energy reserves.  
Microalgae can use waste, sea, and brackish waters as well as land resources 
(high-clay or degraded soils) that are unsuitable for crop agriculture.  Current 
commercial microalgae production is limited to high-value food products that are 
mostly produced in paddle-wheel mixed raceway open ponds.  However, these 
production systems are small and of high cost.   Large-scale, low-cost production 
of unicellular microalgal oils might use large open pond cultivation systems 
utilizing low-cost, high-concentration CO2 to increase growth rate productivity.  
One present nutrition alga production company, in collaboration with an electric 
power company, has demonstrated the feasibility of such a process using marine 
species of microalgae and flue gas from a coal fired powerplant (Figure 32.) 
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Figure 32.  A protytype algae production using large open ponds and fuel gas 
has been demonstratedf. 
Worldwide investments in alga were $32 million in 2007 and surpassed the 
$300-million-dollar mark in 2008; Sapphire Energy led with a $100 million dollar 
investment in research and development from Bill Gates.66, 67 Today, more than 
50 companies have received funding to focus on algae fuels.68 
Although currently immature and too expensive for use as a biofuel, algal 
biomass systems were considered a prime feedstock candidate as they have a 
good potential for large scale commercialization.  Two of the flight 
demonstrations used a small amount of oil derived from algal biomass. 
3.3 Flight Demonstrations 
3.3.1 The reason for a flight demonstration of biofuel 
Due to the need for the highest levels of safety in commercial aviation, as 
well as the very high capital costs of jet airplanes, the aviation fuel industry are a 
conservative lot.  They need to make sure the fuel they approve is safe for 
passengers and for the airframe/engine systems.  As such, introducing a new 
alternative fuel to this cautious group of individuals would normally be a long and 
arduous process.  It was thought that by performing a flight demonstration of 
biojet fuel, it would then create a situation of competitive advantage, thereby 
encouraging fuel suppliers, airlines, OEMs and certification entities to all try and 
rush ahead of their respective competitors and claim the honor of being the 
biofuel “first.” 
                                            
f Picture compliments of Ami Ben-Amotz of Seambiotic, Ltd.  Israel 
 32
 The present situation within the aviation fuel supply structure is one of little 
choice.  In order to describe this situation in more detail, a business model is 
used (Figure 33) to describe a competitive business model situation69.  This 
model will be modified to understand the situation in the jet fuel industry.   
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Figure 33.  A competitive business model is used as a template to understand 
the commercial jet fuel market.69  
Figure 34 illustrates the present competitive situation in the commercial 
aviation fuel industry.  From the supply side, it is a fact that jet fuel is presently 
fossil fuel based, has a limited supply, offers no environmentally progressive 
options, and has been victim of wildly fluctuating costs.  On the demand side, jet 
fuel has been in increasing demand.  Its airline customers are more 
sophisticated than typical automobile customers, but the airlines do not control a 
large amount of the oil market, having only about 6.3% of the global oil demand.  
The airlines are faced with increasing regulations and environmental pressures.  
The jet fuel supply structure is controlled by a relatively small number of oil 
refiners and fuel distributors.  The related and supporting industries are few, to 
non-existent, as the jet fuel needs to be certified before it can be used in 
commercial airplanes.  Thus, airlines presently have little choice but to purchase 
what fuels are offered them. 
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Figure 34. The present business situation in the aviation fuel industry offers little 
choice for airline customers. 
The desired condition for the jet fuel industry, from an airline perspective, 
would be one of having several regional fuel choices and is customer-driven.  
Figure 35 illustrates the circumstances surrounding the alternate jet fuel 
scenario.  The factor conditions would see several affordable feedstocks being 
available throughout the world.  The feedstock would be suited for the local 
climate and regional topography.  The processed alternate fuel would be “drop 
in” so that it could use the existing fuel infrastructure (e.g. airport refueling 
system.)  On the demand side, airlines could be a driver in setting up biofuel 
suppliers.  They could also become directly engaged in feedstock supplies as 
well, procuring the biomass or perhaps even the biomass supplier base itself.  
Having such a system would allow open competition between the refiners as well 
as the biomass suppliers.  As this biofuel system would no doubt be 
environmentally preferred over fossil fuels, it would allow the aviation industry 
unconstrained growth without having undue worries about fuel availability, price 
and carbon footprint. 
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Figure 35.  Desired fuel situation is one of choice and customer-driven 
In order to create such a customer-driven system, increased competition 
will be needed.  Figure 36 illustrates the dynamics of creating such a competitive 
jet fuel market place.  It can also be used to describe the reason for performing a 
flight demonstration of biofuel.   
For the first jet fuel market scenario, competition can be established in the 
overall marketplace by introducing new products (i.e. biofuels) and having the 
threat of new entrants, such as Boeing, back this endeavor.  Although Boeing 
was not intending to become a biofuel supplier itself, its backing of the concept 
helped bolster the credibility of new entrants in the biojet fuel industry.  Next, the 
bargaining power of the fuel buyers (airlines) needs to be consolidated.  This can 
be done through consortiums, industry associations (e.g. Air Transport 
Association) or initiatives (e.g. Commercial Aviation Alternative Fuels Initiative.) 
This helps organize the airlines and provides one voice.  In response, the fuel 
suppliers will need to prove the technical feasibility of the biofuels, help certify 
the alternate fuels, prove its environmental benefit, show how large amounts of 
fuel could be provided in the future, and assure a competitive price with fossil 
fuels. 
This same model can be used to help describe the dynamics behind a flight 
demonstration of biofuel.  The purpose of this exercise was to help overcome 
recalcitrance in the aviation fuel testing and certification community in order to 
speed up the introduction of biofuels into aviation … to show it can be done.  To 
apply this to the business model … the threat of substitute products is the same 
– biojet fuel.  The new entrant was Boeing.  Although some efforts were 
previously made by other potential entrants to develop biojet fuels31, 34, having a 
credible large corporation, such as Boeing, step up to the concept of biojet fuel 
development made a significant difference.  Having the bargaining power of a 
buyer (airline) was also important.  In this case the airline was Virgin Atlantic 
Airways, who in 2006 made a public statement that they wanted to fly an 
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 airplane on biobutanol.  The timing was right as this project had just gotten under 
way.  Having 3 of the 4 drivers in place would help push along biofuel supplier 
competition to create a biojet fuel and supply it at a reasonable cost.   
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Figure 36.  Example of how to increase rivalry to enable commercialization of 
alternative jet fuel. 
The power of this competitive model became evident after the first flight 
demonstration of a 747-400 aircraft by Virgin Atlantic Airways, Boeing, GE and 
Imperium Renewables.  After the successful demonstration, the threat of 
substitute products (biofuel) became much more real.  Many airlines now wanted 
to also become part of the biofuel study, offering their airplanes for flight 
demonstrations.  Airports inquired as to what benefits biofuels might offer them.  
Many potential biofuel suppliers also came forward.  Large fuel companies that 
were earlier approached to supply a biojet fuel, suddenly became amenable to 
providing free samples and even offered affordable prices on large volumes.  
Certification authorities, such as ASTM, became interested in reviewing progress 
in the program.  The FAA saw this fuel as an opportunity to improve airplane 
environmental performance, and so funded an emissions test during the ground 
tests of the CFM56 engine for the Virgin Atlantic flight demo.  Committees and 
initiatives (CAAFI) were established to promote alternate fuels.  Environmental 
NGOs (Non Government Organizations) were intrigued by the project and 
started to consider including aviation as a biofuel customer.  Other aircraft 
manufacturers proposed similar flight demonstrations.  However, due to their 
conservative nature, most of the engine companies remained skeptical.  The 
flight demonstration eventually did engage these companies as their airline 
customers were now clamoring for an alternate solution to fossil fuels.  With this 
enthusiasm now moving full steam ahead, three more flight demonstrations were 
then planned.  It was decided that each of the follow-on flight demos should 
engage a different engine maker in order to allow them to test the particular 
biofuels and this way they would become comfortable with its superior 
performance.  The strategy for the flight demonstrations was: 
• Engage airlines from different regions of the world 
• Include all major engine companies (e.g. GE, P&W, RR, CFM) 
• Use best available biofuels that meet ASTM specifications 
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 • Use different sustainable feedstocks for each flight 
Although the flight demonstrations were a great success, it was indeed a 
risk to propose such a feat since there were no acceptable biofuels available at 
the time. 
3.3.2 Flight Demonstration Plans 
Prior to the first flight demonstration a plan was put together that would 
help organize the procurement and testing of the biofuels, lay a path for 
discussions with the engine and airline partners, and help visualize the steps 
needed in the testing process (Figure 37.)  The plan envisioned that two parallel 
biofuel procurement and testing paths would be followed, that of FAME, and a 
hydrotreated vegetable oil.  Two finalist fuels would be down selected and then 
one final fuel chosen for the flight demonstration.  Once partners were chosen, 
the ground and flight test requirements would be established and the fuels would 
progress through component tests, engine ground tests, aircraft ground tests 
and taxi tests.  When all of these tests were completed, as well as approval from 
the engine manufacturer that the fuel met “fit for purpose” requirements (met 
additional performance requirements beyond that those listed in the ASTM D 
1655), then the demonstration flight would be performed. 
 
Figure 37.  Biofuel flight plan flow chart 
This process was discussed with the US’ FAA and the UK’s CAA in order to 
receive CAA and EDSA approval for the flight demonstration.  The FAA was 
included early in the process as the CAA typically consults with the FAA on 
questions that involve unusual or uncertain risk.   The CAA then requested more 
formal documents on the following: (1) fuel testing plan, (2) flight demonstration 
plan, (3) return to service plan, and (4) risk reduction plan.  These documents 
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 were generated (Figure 38) and submitted to both CAA and EDSA with a request 
for special flight authorization for the demonstration flight between London 
Heathrow (LHR) airport and Amsterdam Schiphol airport. 
 
 
Figure 38.  A biofuel selection, flight demonstration, return to service, and risk 
reduction plans were created to help direct the flight demonstrations and satisfy 
the CAA. 
In the illustration below, Figure 39 shows an overview of the fuel testing 
procedure.  A full suite of tests were not performed on all of the candidate fuels.  
It was determined that freezepoint, density, pour-point and flashpoint would be 
some of the most difficult, yet easy to test, variables for the biofuels, so every 
candidate fuel would first be subject to these suite of tests and be rejected if it 
did not meet these first 4 test requirements of meeting the ASTM D 1655 
specifications. 
Fuels that did meet the first 4 tests would be passed on to a second suite of 
tests consisting of viscosity, distillation, a more accurate density test, acidity, 
distillation and Jet Fuel Thermal Oxidation Test (JFTOT.)  Of the successful fuel 
candidates that met these requirements, it was planned that a larger fuel sample 
would then be forwarded to the US NASA Glenn research center for additional 
tests that were laborious and expensive, such as fuel breakpoint and GC 
analysis. However, due to lengthy and time consuming contractual paperwork, 
the US Air Force Research Lab in Dayton Ohio ended up performing these tests 
prior to the first flight demonstration.  In parallel with these AFRL tests, Boeing 
would perform specific tests that would validate the fuel’s suitability for use in its 
airframe designs, such as material compatibility (i.e. won’t degrade fuel cycle 
materials that were on the Boeing 747 aircraft), and dielectric tests to make sure 
the Fuel Quantity Indicator System (FQIS) would perform satisfactorily. 
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 Of the fuel(s) that passed these requirements, the best fuel candidate 
sample would then have to be provided to the engine company so that they 
could test the fuel for special properties that are needed to establish if the fuel 
meets “fit for purpose” properties that are required for use in the aircraft engine, 
such as lubricity and compatibility with high temperature materials contained in 
the engine turbine blades. 
If the fuel met these requirements, it would then be tested on the ground in 
a commercial aircraft engine test stand for operability, with special emphasis on 
lean blowout characteristics.  If the fuel performed satisfactorily in this engine 
test, then it would be approved for airplane ground run-up tests and eventual 
flight demonstration.  It was intended that the flight demonstration would then 
perform additional tests, such as altitude relight and fuel suction tests.  However, 
this didn’t happen on the first flight as it was desired to have as low a risk 
approach for this very visible first flight demonstration as possible. 
Follow on testing, that were deemed to be less critical for the flight 
demonstration and would involve more time and expense, could also be 
performed before or after the flight demonstration.  Among these were the 
laboratory elipseometer testing which would validate the JFTOT thermal 
deposition results. 
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Figure 39. Biofuel testing process 
One of the outcomes from the meeting with the CAA was that a more 
detailed return to service plan was needed.  They were especially concerned 
that the biofuel, which was to be located in the B747 tank #4 (right most wing 
tank) would not “contaminate” another parts of the aircraft’s fuel system.  A 
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 detailed plan was put together explaining how the biofuel blend in tank #4 would 
be managed and fed only to engine #4 (Figure 40).   
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Figure 40.  The flight demo used biofuel in tank #4 and ran only #4 engine to 
avoid contaminating any other part of the aircraft 
The below table summarizes the process of return to service after the 
biofuel demonstration flight.   
Table 3.  Airplane Return to Service summary for biofuel demo flight 
• Purge engine #4 that was run on biofuel with Jet-A by cross bleeding with 
tank #3 
• Defuel biofuel tank and keep sample for analysis 
• Flush biofuel tank with 100 gallons of Jet-A fuel 
• Replace LP and HP fuel filters 
• Borescope engine 
• Perform “C” check  
• Visually inspect the tank #4 that was run on biofuel for anomalies, 
comparing it with other Jet-A only fuel tanks on the aircraft. 
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 4.0 RESULTS 
In 2006, a study plan was formulated to achieve the study objective of 
“evaluate the feasibility, sustainability and business case of biojet fuels” (Figure 
41.)  The project was effectively managed such that time and resources were 
available to timely complete all of the milestones, including the final project 
milestone (this report/thesis.) 
For biojet feasibility (section 4.1), results will be reported on the biojet fuels 
or bio-oils that could be refined into biojet fuel.  Test results from several 
developmental biojet fuels will be reported as well as emissions results and 
feedstock results. For sustainability (section 4.2), the potential of different types 
of biomass feedstocks and the environmental attributes (i.e. Life Cycle Analysis) 
of some types of biofuels will be reported.  For the business case (section 4.3), a 
cost-benefit analysis of the most promising scaled up biojet fuel (HVO made 
from algae oil) will be estimated. 
Biojet 
suppliers Energy balance
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biojet fuel
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Figure 41. All of the milestones established in early 2006 were accomplished.   
4.1 Feasibility 
Several factors determine the feasibility of a biojet fuel to be 
commercialized, such as: (1) identifying a company that would be able to 
produce and supply a biofuel, (2) having the ability to produce a biojet fuel that 
will meet the ASTM jet fuel performance specifications, (3) finding that the 
turbine engine performs the same or better on biofuel, (4) having the engine 
exhibit the same or better engine exhaust emissions, and (5) finding one or more 
feedstocks that could provide sufficient bio-oil for refining.   
A plan was developed, and several partners were engaged, to help 
address the feasibility issues of several biofuels made from various feedstocks 
(Figure 42.) All of the identified hurdles were found to be achievable in the study 
and are discussed below.  
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Figure 42.  Several partners were engaged to help enable biofuels 
4.1.1 Fuel Suppliers 
Although many potential biofuel suppliers were initially identified, there were 
only 7 companies that were eventually able to supply biofuel samples for 
analysis (Figure 43). All of the major oil companies were contacted, as well as 
several smaller companies, but only a few responded positively to the request to 
provide a biojet fuel sample.   
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Figure 43.  Seven fuel suppliers provided biofuel for evaluation 
Except for the two biofuels that were used in the actual flight 
demonstrations, the remaining biofuel candidates that were supplied to the 
programme shall remain anonymous (Appendix B.)  Test results will be listed by 
the type of fuel provided. 
Ester Biofuel –The ester fuel samples that were provided used a 
traditional transesterification process to create a biodiesel type ester fuel.  In two 
ester biofuels, coconut oil was chosen as the feedstock since it had a similar 
carbon chain length to that of fossil fuel Jet-A and would provide a better 
freezepoint.   
Modified Ester Biofuel– This fuel employed a unique process to 
inexpensively separate the saturated and unsaturated HC molecules that are 
found in biodiesel Soy Methyl Esters (SME.)  It was found that saturated SME 
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 exhibited much poorer cold flow properties than unsaturated SME.  Previous 
work by B. Tau and D. Stanley70 showed that such a separation process could 
be used to transform a portion of biodiesel into an ester with very good cold flow 
properties.  Figure 44 illustrates the process. 
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Figure 44.  One process used Urea to help separate the high freezepoint 
saturated SME from the low freezepoint unsaturated SME70. 
As every carbon atom in a saturated SME molecule is either attached to 
another carbon or hydrogen molecule, there are no double bonds (e.g. Figure 
22.)  Unsaturated SMU molecules have double bonds.  Straight chained 
saturated molecules bind easily with urea and create heavier solidified molecules 
(clathration) that can be easily centrifuged out of the biofuel liquid.  The double 
bond SME molecules, with good freezepoint, do not bind with the urea and stay 
in the liquid solution. 
Initial lab results at the supplier’s lab indicated that these unsaturated SME 
molecules indeed exhibited much better cold flow properties.  For example, 
Figure 45 shows that a biodiesel with only 1.41% saturated SME content, 
exhibited a -45C cloud pointg and -42C freezepointh… at least when using the 
local lab’s test procedures.  However, that was not accustomed to performing 
aeronautical jet fuel testing processes and so their fuel test results did not match 
those of the Boeing fuel lab who used ASTM approved fuel testing equipment 
and procedures. 
                                            
g Cloudpoint is defined as the point in a test where the fuel has been gradually cooled to the 
point that the fluid takes on a cloudy appearance. 
h Freezepoint is defined as the point in the test at which all frozen compounds have melted 
(after the fuel sample has been frozen and then gradually warmed up) 
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Figure 45.  Initial results of the modified ester fuel showed it contained few 
saturates, had a low Cloud Point (CP) and Freeze Point (FP)70 
Hydrotreated Vegetable Oil (HVO) Biofuel–There are several 
hydrotreating processes used in the industry to create biofuels with good cold 
flow properties.  One such advertized technique is the HBIO process (Figure 46) 
 
Figure 46.  One HVO process (HBIO) used to make biojet fuel71  
A similar process is Neste Oil’s NEXBTL process.  This process is believed 
to be very similar to the methods described in the Koivusalmi patent45.   Several 
suppliers were chosen to supply HVO samples. 
Synthetic Biology Biofuel – This process may be able to create a next-
generation biofuel that might be cost-effective and compatible with current jet 
fuels.  Using sugars derived from feedstocks such as cellulose, the fuel would be 
composed of single chained hydrocarbon molecules.  It was thought that a small 
amount of this alkane fuel could be added to jet fuel, or that a cocktail mixture of 
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 various length chained HC molecules could be created to make a biojet fuel 
blend. 
Several companies were identified as having this technology capability.  
Upon discussion with one or more of these companies, it was determined that a 
large volume of biojet fuel could not have been created in time for the flight 
demonstration, and so this fuel was disqualified for the flight demonstrations. 
 
4.1.2 Biofuel descriptions, test procedures and results 
Prior to the first flight demonstration with VAA, several biofuel samples 
were tested in the Boeing fuels lab (Jean Ray et. al.), by Southwest Research 
Institute (SwRI), AFRL, NASA Glenn research center, and by GE.  Standard 
ASTM and company specific fuel test procedures were employed.  Figure 47 
illustrates the respective tests performed by all the parties. 
Boeing Initial Screening Tests (for all candidates) :
1 Freezing point (D 5972)
2 Flash point (D 56 or D 3828)
3 Pour point (D 97 or equivalent
4 Density (D 1298 or D 4052)
Boeing 2nd Screening Tests* (for those passing above):
1 Viscosity @ -20C
2 Distillation
3 Acidity
4 JFTOT
5 Density
6 Sulfur
7 Heat of Combustion
8 Water Separation (D 1094 & D 3948)
Baere/SwRI Validation Tests*
1 Flash point
2 Freezing point
3 Density
4 JFTOT
NASA or AFRL Tests (for 1 or 2 best fuels):
1 JFTOT Break point
3 Combustor (sector)  lightoff
4 Sector pattern factor temperature profile
5 Sector operability
6 Emissions (NOx, CO, UHC, Particulates)
7 Kinetics analysis
Boeing 3rd Screening (for the final 2 passing fuels):
1 Material compatibility*
8 Lubricity (D 5001)
2 Dielectric constant (Boeing test)
GE Tests for 2 best fuels:
1 Carbon distribution (Mass spec)
2 Metals (D 7111 - ICP)
3 High temp material compatibility*
4 High temp matereials - pin test
Flight Tests:
1 Ground operability
2 Taxi tests
3 Flight operability
4 Altitude relight
Follow-on (as required) Lab Tests:
1 Storage stability  
Figure 47.  Biofuel screening testing process employed for the flight 
demonstrations 
Seven different biofuel fuel candidates were screened for the first flight 
demonstration.  A summary of some of the most important performance 
characteristics are shown in Figure 48 below.  Missing data indicates the fuel 
was disqualified for any of a variety of reasons that will be explained.  Testing 
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 then ceased on that biofuel.  The following describes the fuel listed in the below 
figure: 
(1) This was a FAME, or ester fuel.  The fuel exhibited very poor 
freezepoint as it was essentially a biodiesel.  It also had an 
unsatisfactory high flashpoint, probably as a result of leftover 
methanol.  Lastly, it also failed the JFTOT test as it was only able 
to pass the test when mixed with a maximum 2% mixture to 98% 
Jet-A1. 
(2) This is also an ester fuel that was supplied in two different samples 
(2a and 2b).  Upon discovery that the first fuel (2a) exhibited poor 
freezepoint, flashpoint and thermal stability characteristics, a 
different processing method was used to create a second sample 
(2b) which was later supplied to the Boeing fuel lab.  Although this 
fuel passed the flashpoint and had an improved freezepoint, it still 
exhibited very poor thermal stability and so both of these fuels 
were disqualified. 
(3) This fuel used a hydroprocessing method.  This fuel was almost 
able to meet the -40C freezepoint, but only in a 15% blend.  Higher 
biofuel blends failed the freezepoint test.  As it was desired to have 
at least a 20% biofuel blend for the flight demonstration, this fuel 
was also disqualified.   
(4) This fuel used a hydrotreating, isomerization process.  Several 
samples were provided to Boeing, the performance increasing 
each time, and eventually the final fourth sample was able to meet 
all of the ASTM performance specifications (after the VAA flight 
demonstration.)  The third sample provided is listed below.  It met 
all the requirements in a 20% blend. The primary reason this fuel 
was not chosen for the flight demonstration was that the feedstock 
was switched from rapeseed to palm oil just before the flight, and it 
was thought that using this feedstock would provide poor public 
relations. 
(5) Imperium Renewables of Seattle provided the 5th fuel.  This fuel 
was an ester, made from coconut oil (including Babassu).  It 
surpassed the freezepoint and thermal stability requirements.  It 
marginally failed the energy density requirements, achieving 41.6 
MJ/kg versus the required minimum of 42.8 per ASTM D 1655.  
However, considering the feedstock was deemed sustainable, and 
the cost of procuring the biofuel for the flight demonstration was 
affordable, this fuel was chosen as the successful candidate for the 
flight demonstration. 
(6) This fuel was synthesized from a cocktail of pure alkenes to mimic 
the synthetic biology process.  It easily met all of the requirements.  
However, only a limited amount of this fuel could be produced 
within the flight demonstration programme timeframe and so this 
fuel was not selected. 
(7) This was made from soy using the HVO process.  It easily met all 
of the ASTM performance requirements in blends up to 50/50.  
However, this fuel was not selected as (again) only a limited 
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 amount of fuel could be produced in the laboratory at the time of 
the first flight demonstration.   
(8) UOP supplied fuel sample #8.  It also was able to meet all of the 
ASTM requirements in blends up to 50%.  However, this fuel was 
not supplied until after the VAA flight demonstration.  The 
subsequent 3 flight demonstrations all used this fuel as it had 
excellent performance characteristics and it was affordable to the 
test programme. 
(9) This fuel was a traditional B99 biodiesel (99% biodiesel, 1% diesel) 
procured from a local automotive petrol station.  This fuel was not 
intended to be used for a biojet fuel, but was tested as a 
comparison biofuel.  It failed all of the ASTM D 1655 jet fuel 
performance specifications. 
 
Fuel # ASTM D 1655 Spec. 1 2a 2b 3 4 5 6 7 8 9 (Biodiese
Processing Type N/A Ester Ester Ester HVO? Hydrotreat Ester Syn Bio HVO HVO Ester
Biojet Blend (%) N/A 100 100 100 15 20 20 100 100 100 100
Freezing point, (deg C) -40 max -1 -6.6 -22 -41 -44 -52 -68 -57 -57 2.5
Flash point, (deg C) 38 min >93 Fail 37 47 44 48 45 57 48 >125
JFTOT <3 Fail Fail Fail 1 1 1 1 1 1.5 Fail
Energy (MJ/kg) 42.8 min 44.5 43.5 41.6 45 44.4 45.4 38.7
Density (kg/m3) 0.775-0.840 0.874 0.892 0.816 0.797 0.808 0.801 0.78 0.762 0.87
Seal Swell Fit for Purpose Pass Pass
Distillation 340C Fail Pass Pass Pass Pass Pass  
Figure 48.  Summary of important biofuel performance factors 
A more detailed description of the two chosen biofuel candidates (i.e.  
Imperium, and UOP fuels) follows: 
Imperium Renewables: A two gallon sample of the Imperium Renewables 
Incorporated (IRI) biojet fuel was first screened in the Boeing fuels lab.  As this 
fuel met most of the initial screening results, a larger 5 gallon sample was then 
procured and sent to the AFRL for additional testing.  A much larger volume was 
also procured and shipped to AFRL for blending with Jet-A1 and was used in 
ground testing at GE.  Figure 49 presents the detailed test results that AFRL 
performed on the 100% IRI fuel, which was assigned the fuel test sample 
number 5238. 
Particular parameters to take note of are the excellent (for FAME) 
freezepoint of -45C and lubricity of 0.49 BOCLE (Ball On Cylinder Lubricity 
Evaluator.)  The poorer performance items were the heat of combustion of 36.9 
MJ/kg (fail) as well as the 10% distillation curve (229C) and final residue (1.7), 
both of which failed.  This is due to the characteristics of FAME fuels having 
oxygen atoms attached to the HC molecules which results in displacing 
hydrogen atoms and results in poorer energy content.  The fuel also had slightly 
longer HC chains than Jet-A, which is reflected in the failed 10% distillation test.  
It probably also had some contaminants or very long chained HC molecules as 
the distillation boil-off residue was high (1.7 versus 1.5 passing.)  FAMES tend to 
have a very good lubricity characteristic which is reflected in the good BOCLE 
scar test. 
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Figure 49.  Imperium FAME biofuel test results 
Figure 50 summarizes some of the more important fuel performance 
properties of the previously discussed fuels: a blended Imperium FAME fuel, an 
early version of a HVO fuel, the baseline Jet-A and Jet-A1 fuels, as well as a 
50/50 blend of a Fischer-Tropsch fuel.   The F-T fuel performed quite well but 
was not chosen as a successful candidate due to the sustainability challenges of 
this Coal-To-Liquid fuel. 
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Figure 50.  Summary of baseline Jet-A1 fuel, a CTL fuel, the Imperium FAME 
and an early HVO candidate.72 
Finally, Figure 51 illustrates the performance characteristics of the UOP 
bio-SPK fuel process for 3 different types of feedstock: Coconut, Jatropha and a 
Soybean/Canola mixture.  The column marked “SPK” lists the ASTM D 1655 
performance requirements.  This data shows that the UOP fuel was able to meet 
all of the listed ASTM specifications, even in a 100% pure biofuel state.  Later, 
lubricity and seal swell tests were performed of this fuel.  Due to the lack of sulfur 
and aromatics in the biofuel, which serve as lubricants and seal swell enhancers, 
the 100% biofuel would fail “fit for purpose” fuel performance requirements from 
the engine and airframe manufacturers (discussed later in this section.)  A 
maximum 50/50 blend ratio was therefore specified for these types of fuel. 
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Figure 51.  Test results for UOP’s HVO Bio-SPK fuel73 
A more in-depth discussion of the biofuels will now be covered and is 
arranged by performance topic (e.g. carbon distribution, freezepoint, thermal 
stability, material compatibility, etc.) 
Figure 52 illustrates the carbon chain length distribution of the neat (100% 
pure blend) Imperium biojet fuel as compared to Jet-A fuels.  It shows that the 
HC chain lengths are similar, which would help to explain how this FAME fuel 
met the freezepoint characteristics. Coconut oil has a similar distribution, and so 
the choice of this feedstock, as well as running the fuel through a distillation 
process, were crucial steps in achieving most of the ASTM performance 
requirements for the ester fuel.  
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Figure 52.  Imperium FAME HC chain lengths were similar to Jet-A1 
An early version of a neat HVO biofuel, that did not meet the freezepoint 
requirement, is shown in Figure 53 along side of a sample of the Jet-A1 fuel 
(POSF 4877) that was previously shown in Figure 50.  This HVO fuel was made 
from Rapeseed, which has a preponderance of C16 HC molecules.  One can 
see that there remains a high level of these same molecules, which is higher 
than the Jet-A and Jet-A1 fuels.  This helps to explain why the fuel failed to meet 
the freezepoint requirement.  Later HVO fuels no doubt used a more intensive 
selective cracking process to break these long chains down into smaller chained 
HC molecules and then use a distillation process to choose the correct range of 
fuel that has an acceptable distribution. 
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Figure 53.  Early HVO fuel candidate’s carbon chain lengths were longer than 
Jet-A172 
The F-T process of a CTL fuel resulted in a better distribution of HC 
molecules as illustrated in Figure 54.  One can see the HC range closely 
matches that of JP-8 fuel, which is very similar to Jet-A1 fuel. 
F-T CTL Fuel
JP-8 Fuel
 
Figure 54.  CTL fuel had similar HC composition as JP-8 fuel.72 
Lastly, the HC distribution for four biojet fuels made from four different 
feedstocks, when using a refined HVO process, is shown in Figure 55.  One can 
see that the feedstock made little difference in the HC distribution makeup when 
using UOP’s refined HVO process and that the peak distribution of the HC 
chains are in the C10-C12 range, which is the same as petroleum derived jet 
fuels.  
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Figure 55.  UOP’s bio-SPK fuel had similar composition to Jet-A fuel regardless 
of biofuel feedstock73 
In order for alternative jet fuels to be implemented today, they must meet 
current performance specifications so that they can be mixed with traditional jet 
fuels, use the same distribution and refueling infrastructure, and not require 
recertification of engines or airplanes.  A particular challenge is that of meeting 
the ASTM D 1655 freezepoint requirements of -40oC for commercial Jet-A fuel 
and -47oC for military JP-8 fuel74.   
Figure 56 shows 3 different fuels at -30C temperature … Jet-A fuel, neat 
biojet fuel, and neat standard biodiesel.  As fuel freezes, the individual HC 
molecules tend to clump together to form larger masses which results in a very 
viscous fluid.   In this picture, the biodiesel fuel has changed states and appears 
as a very viscous, lard-like, compound.  
 
Figure 56.  Biodiesel acquires a frosty appearance when it freezesi 
Certain characteristics of the fuel feedstock makeup can influence the 
freezepoint of some biojet fuels, or in the case of HVO, influence the amount of 
processing needed to convert the bio-oil into an acceptable biojet fuel.  Bio-oils 
that are closer in compositional makeup to the biojet end product will require less 
conversion effort. 
                                            
i Picture provided by Baere Aerospace, 2006 
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 Some of the feedstock characteristics that influence the fuel’s cold flow 
performance, or in the case of the HVO process, influence the ease of 
conversion from bio-oil to bio-SPK are: 
• Lower carbon number HC chains (C10-C14 preferred) 
•  Molecular weight 
•  Branched molecular structures 
•  Weak intermolecular forces between atoms 
•  Non-heteroatomic molecules 
Each feedstock typically exhibits different molecular makeup which 
determines the above characteristics.  Depending on the feedstock’s makeup, 
different fuel processing methods may be chosen to address the more 
challenging feedstocks.  The feedstock qualities that tend to improve freezepoint 
performance are short chain length (C12-C14), branched hydrocarbon chains 
and no heterocyclic atoms (O, N, etc.)  If the feedstock has too many long 
chained hydrocarbons (i.e.  >18) or lacks double bonds (i.e. are completely 
saturated), then hydrotreating /isomerization will be less effective in producing 
large volumes of cold flow biofuel.  A more intensive process, involving 
hydrocracking, will be needed to achieve the required performance.46 
 Figure 57 shows the test results from various biojet fuel blends carried out 
before the VAA demonstration flight.  The first three neat biojet fuels were tested 
at 100% biofuel mixture ratios but failed to achieve the required -40oC ASTM D 
1655 freezepoint requirement.  The FAME biofuels even failed when mixed at 
dilute ratios of 2% biojet with 98% Jet-A1 fuel (i.e. a B2 mixture).  The first HVO 
fuel provided to the project (#3) only met the freezepoint requirement in blends 
up to 15%.  The FAME biojet fuel #4 from Imperium was only able to meet the 
freezepoint at mixture ratios of up to 20%.  Fuels #5 through #8 could meet the 
freezepoint at blends of 20% and up.  This research demonstrates that the R&D 
progression from early FAME biojet fuels to later, refined HVO bio-SPK fuels 
now proves that these biojet fuels can meet the challenging ASTM freezepoint 
specifications for commercial jet fuels. 
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Figure 57.  Early biofuels that were tested failed to meet the minimum -40C 
freezepoint requirement 
Given two different fuel types with differing freezepoints, it was unknown if 
there would be a linear relationship between the mixture ratio of the fuels and the 
blended freezepoint, and so tests were performed to assess this characteristic.  
The HVO fuels did seem to exhibit this linear tendency, but the FAME biojet fuel 
displayed unusual results.  Figure 58 shows that an early HVO fuel (HVO #1), 
the UOP bio-SPK (HVO #2), and the synthetic biology fuel exhibited fairly linear 
freezepoint relationships when blended in various ratios with Jet-A1 fuel.  
However, the Imperium FAME biofuel exhibited unusual behavior.  When 
blended in ratios up to 20%, the poorer performing FAME biofuel did not 
adversely affect the freezepoint of the better performing Jet-A1 fuel.  However, 
after this 20% point, the FAME fuel quickly deteriorated the performance of the 
blended Jet-A1/FAME fuel.  The test was re-run to assure these test results were 
correct.  In addition, manual and automatic freezepoint tests were performed to 
validate these results.  The unusual freezepoint phenomenon remains 
unexplained. 
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Figure 58.  The FAME biojet fuel exhibited unusual freezepoint behaviour when 
blended with Jet-A1 fuel. 
Another challenge for fuels, and for FAME fuels in particular, is that of 
resisting thermal oxidation breakdown under high fuel temperatures inside the 
engine’s fuel components.  Under increasing temperature regimes, fuels are 
known to create deposits of gums, lacquers and carbonaceous deposits.75  This 
can be associated with the oxygen content in the fuel and so fuels that contain 
oxygen atoms themselves, such as FAME fuels, tend to exhibit poorer thermal 
stability.    
The standard fuel thermal stability test methodology for jet fuels is the Jet 
Fuel Thermal Oxidation Test (JFTOT) unit.  Heated fuel (typically at 260C) is 
flowed through a filter and then over a heated tube.  Differential pressure 
measurements across the filter and visual observations are made of the degree 
of screen deposits and tube discoloration which are directly related to the level of 
deposits.  Visual deposits are judged on a scale of 0 to 3+ with levels higher than 
3 earning a failing grade. 
JFTOT results of a baseline Jet-A fuel and various biofuels are shown in 
Figure 59.  The baseline Jet-A fuel achieved a passing grade of 1.  A mixture of 
99% biodiesel and diesel fuel (B99) was tested and quickly failed.  The early 
ester biofuels (Bio #1 and Bio#2) also failed quickly.  The maximum biofuel 
concentration level that was permissible to pass the JFTOT test was found to be 
2%, as shown in the figure.  The first HVO candidate fuel received (bio #3) was 
only tested at 15% as that was the maximum blend ratio that could still achieve 
the freezepoint requirement.  At this level, it passed the JFTOT results.  The 
Imperium fuel (bio #4) was also tested in a ratio that met the freezepoint 
requirements, and passed the JFTOT at a 20% blend ratio.  The follow-on HVO 
fuels (bio #5) passed at a 20% blend, and the UOP bio-SPK fuels (bio #6 and bio 
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 #7) passed the JFTOT in 85% and 100% ratios.  The synthetic biology fuel (bio 
#8) easily passed the JFTOT tests. 
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Figure 59.  Early biojet fuels failed the high temperature thermal oxidation tests 
As it is standard practice to test Jet fuels at 260C, a breakpoint test can be 
performed to see where the fuel actually breaks down and fails the JFTOT test.  
Figure 60 shows that a 100% Imperium FAME biofuel exhibited a breakpoint of 
260C while an early HVO biofuel had a breakpoint of 360C, which is quite good 
for these fuels.  Therefore, there were no fears of building up deposits inside the 
engine fuel systems while using these fuels in flight demonstrations. 
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Figure 60.  The Imperium 100% FAME (Bio #4) and early HVO (Bio #5) both had 
good thermal breakpoint results 
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 Material compatibility is a “fit for purpose” test that engine and airframe 
manufacturers need to perform to make sure fuels do not degrade sealants, 
elastomers or other materials.  There are no particular ASTM tests or methods 
established for these tests.  They are determined by the manufacturer.    One 
such test at Boeing is to immerse a standard Viton O-Ring into a baseline fuel 
and a similar O-ring into a neat fuel for 160 hours and then compare the weight 
and swell of the two O-Rings. 
O-Rings are typically designed into aircraft equipment with the expectation 
that fuel, oil and other fluids will have some swelling impact on the elastomer, 
thereby assuring continued sealing qualities throughout its life.  If this swell were 
to become absent, especially in older O-Rings that have been in service for 
some time, the seal would not be maintained and one could expect fuel or other 
liquid leakage.  Too much swell indicates that the elastomeric material is 
experiencing degradation which will also lead to a fuel system leak, especially 
when standard operating conditions and fluids are returned. 
Figure 61 illustrates the “fit for purpose” tests of the Imperium and early 
HVO biofuel. After 160 hours immersion at room temperature in the Jet-A1 
baseline fuel, a Parker V0747-001 Viton O-Ring exhibited 0.64% increase in 
swell.  The Imperium FAME fuel blend of 20% and 40% showed a swell of 1.47 
and 2.64% respectively.  At 100% Imperium biofuel blend, the swell was much, 
much higher at 123.33%.  The early HVO fuel showed less swell than normal, of 
only 0.38 and 0.41%, for a 20% and 40% biofuel blend respectively.  The 
interpretation of these results is somewhat subjective, but it was determined that 
use of either the Imperium or HVO fuels at 20% or 40% would be acceptable 
with Viton O-Rings.  The neat Imperium fuel would not be acceptable from a 
materials compatibility standpoint, even with Viton materials that exhibit much 
less swell variation than Nitrile or Buna-N O-ring materials. 
Summary of the average volume swell of Viton O-Ring 
(Parker V0747-001) after 160 hours at room temperature
Baseline Jet-A1 Fuel
Imperium Ester (5238) blends
Early HVO (5239) blends
Imperium Ester Fuel
More swell than normal
Less swell than normal
Much more swell than normal!
 
Figure 61.  FAME biofuels lead to more seal swell while HVO biofuels lead to 
less seal swell as compared to Jet-A1 fuel.76 
4.1.3 Engine performance 
In order to assure the biofuel flight demonstration would be uneventful, it 
was determined that a ground test should be performed of the biofuel in a 
modern gas turbine engine.  Therefore, the two finalist fuels from the earlier lab 
testing would be conducted by the engine OEM that manufactured the engines 
on the flight demonstration airplane.  
The engines on the Boeing 747-400 aircraft that was operated by VAA, and 
was selected as the test platform, were a CF6 turbofan engine manufactured by 
GE.  Since a smaller engine manufactured by GE/Snecma, the CFM56-7B, used 
similar combustor technology, and since there was a limited amount of fuel 
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 available for ground testing, it was determined that a ground test of a CFM56 
engine would suffice.  GE agreed to perform the tests on an engine that was 
available in the appropriate time frame at their Peebles facility in Ohio.  A test 
plan was generated where various fuels would be tested through a power 
calibration and emissions measurement phase and then an operability phase.  
Figure 62 shows the anticipated operating time, power settings, and test 
parameters for the ground engine tests.  
Ground Engine Tests (CFM56-7B Engine )
Repeat tests below for each fuel-blend and baseline fuel (4 total)
A.) Power Cal + Emissions (2 power cals per fuel-blend)
•Operating conditions: G/I, 7%, 30%, 45%, 65%, 85%,100% 
•6 minutes per test condition, total of 106 minutes per power cal including 10min warm-up
•Measure emissions and steady-state engine data at each condition
B.) Operability
•LBO, Accel-time / thrust-response, Start-time
•1-2 hours per fuel blend
 
Figure 62.  Ground tests performed on biofuels prior to flight demonstration 
The engine was operated for 6 minutes at each of the following settings: 
Ground Idle (GI), 7, 30, 45, 65, 85 and 100% thrust ratings. Engine data and 
emissions were gathered at each power condition.  The engine was also 
evaluated for start time, throttle vs. thrust response and Lean Blow Out (LBO) 
limit.  These tests were performed on a baseline Jet-A and Jet-A1 fuel.  Various 
blends of the alternative fuels (Imperium FAME, Early HVO and F-T) were then 
subjected to the same engine test procedure.  After these tests were performed, 
the engine was then run again on the same Jet-A fuel that was used at the start 
of the test to assure the engine was delivering the same performance. 
A turbofan engine typically is designed with additional operating margin so 
that the engine never experiences Lean Blow Out (LBO) or flameout (F/O).  As 
an engine ages, some of this margin may be lost, but it will still not experience a 
LBO event.  It was thought that using a fuel with less energy content might result 
in some loss in LBO margin, and so engine operability tests were performed on 
various biofuels to quantify this result. 
Figure 63 illustrates the results of LBO margin deterioration with baseline 
jet fuels and alternatives for the CFM56-7B engine tested at the GE Peebles 
facility.  For a baseline Jet-A fuel, the engine’s combustor would be able to 
experience a 15-16.5% leaner air/fuel mixture before it is in danger of LBO.  
However, for the worst case, a 40% blend of the Imperium FAME fuel, the 
engine’s combustor would only be able to tolerate a 5-6.5% leaner air/fuel ratio 
before it is in danger of a LBO event.  This was thought to be related to the 
poorer Lower Heating Value (LHV) (BTU/lb) of the FAME fuel.  The other fuels, 
with similar LHV to the baseline Jet-A fuel, did not appear to experience any 
deterioration in LBO limits. 
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Figure 63.  Fuels with lower heat value (e.g. Esters) resulted in loosing margin 
on the lean blowout limit.77 
The start times of the engine were similarly affected when fuels with a 
lower LHV were used.  Figure 64 shows that there was a 10% increase in start 
time when using a 20% mix of the Imperium FAME fuel blend, and a 24% 
increase in start time when using a 40% mix of the Imperium FAME fuel. Other 
fuels, with similar LHV values to Jet-A fuel, exhibited similar start times as the 
baseline fuel. 
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Figure 64.  Fuels with lower LHV also resulted in longer engine start times.77 
One concern was that the biofuel-powered engine could experience an 
increase in carbonaceous deposits inside the combustor.  A visual borescope 
inspection was performed on the CFM56 engine before testing and after testing 
while using biofuels.  There were no visible increases in deposits observed near 
the fuel nozzle or swirl cup.  
Another concern was that the GE CF6 flight demonstration engine on the 
B747 could have some pre-existing deterioration conditions that might be falsely 
attributed to using the biofuel during the short 1-hour flight demonstration and so 
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 a borescope inspection was performed both before and after the flight 
demonstration.  Due to the high time of this engine, there was some deterioration 
to the combustor’s thermal barrier coatings near the swirl cups.  There was also 
some normal carbon deposits observed.  There did not appear to be any further 
deterioration or deposits after the 1 hour demonstration flight on the FAME 
biofuel. 
4.1.4 Engine emissions measurements 
Concurrent with the ground test of the CFM56-7B engine, an emissions test 
was conducted to gather gaseous emissions (i.e. NOx, CO and HC species) as 
well as particulate emissions.  The FAA provided a grant to two research 
agencies to gather detailed emissions tests and provide analysis.  GE also used 
their emissions test equipment for traditional measurements of gaseous and 
particulate emissions. 
The emissions tests were performed at the GE Peebles facility. The fuels 
used were: Jet-A, Jet-A1, and blends of Imperium’s FAME, a CTL F-T fuel, and 
the early HVO fuel.  Unfortunately, due to a delay in testing and schedule 
constraints for the portable emissions equipment, the last fuel to be tested (early 
HVO) was not measured with the high precision emissions measuring 
equipment. 
Figure 65 shows the biofuel supply tanks (upper left), The portable 
emissions measuring equipment (upper right), the CFM56-7B engine (lower 
right) and the emissions sampling probes (lower left.)  The biofuel was provided 
by Boeing while the Jet-A and Jet-A1 fuel, as well as the mixing of the fuels, was 
provided by the AFRL.  GE provided the engine, test facilities and staff.  Under 
the US FAA PARTNER program (FAA Grant 07-C-NE-UMR, Amendment No. 
003,004,006), funding was provided to two research agencies for the emissions 
measurements. 
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Figure 65.  Biofuel (upper left) was tested in a CFM56 engine (lower right) and 
emissions were gathered via a rake (lower left) and analyzed in a portable lab 
facility (upper right)77 
Particulate emissions were gathered by the portable measuring equipment 
and are shown in Figure 66 for both the Jet-A1 baseline fuel and the F-T fuel.   A 
decrease in the number of particulate was observed while operating on the 
100% F-T fuel at all power settings.  At high power settings, there appeared to 
be a small decrease in the size of the particulate as well.  The decrease in the 
size and number of particulate is thought to be as a result of the F-T fuel having 
no sulfur or aromatic compounds.  HVO and bio-SPK fuels will most likely exhibit 
the same performance characteristics. 
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Figure 66.  A decrease in particulate emissions was observed in the CFM56 
engine while operating on the F-T fuel compared to Jet-A1 fuel.78 
A percentage decrease in the Emissions Index Mass (EIm) and Emissions 
Index Number (EIn) of particulate was also observed for 20% and 40% mixtures 
of the Imperium FAME biofuel as shown in Figure 67.  50% and 100% F-T fuel 
are also shown. 
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Figure 67.  A decrease in the particulate mass (Elm) and number (EIn) were 
observed when operating on the Imperium Biojet and F-T fuels in the CFM56 
engine.78 
Speciated hydrocarbons were also measured during the emissions tests 
with baseline, F-T and FAME fuels.  Figure 68 illustrates that there was little 
variation in acetaldehyde in the fuel blends.  However, when neat alternate fuels 
were used, an increase in acetaldehyde emissions was observed.  This could 
become a problem in future scenarios where a high percentage of biofuel blends 
are used in aircraft.  These aromatics may be of concern for their propensity to 
adversely impact local air quality thereby negatively impacting public health. 
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Figure 68.  Speciated HC were distinct for alternate fuels, especially aromatic 
HC emissions.78 
Because the early HVO fuel’s emissions characteristics were not able to be 
tested at the GE Peebles facility, an emissions test was also performed on a 
small Pratt & Whitney Canada (PWC) engine at another test facility.  Figure 69 
shows gaseous emissions (NOx, HC & CO) as a function of engine thrust level, 
as well as traditional aviation smoke measurements (i.e. visual observation of 
filter paper) taken for a baseline Jet-A1 fuel, a 50% and 100% blend of the early 
HVO fuel.  There appeared to be no discernable impact on gaseous emissions.  
However, smoke emissions were significantly reduced when using the biofuel, 
which was similar to that seen in the GE Peebles emissions tests on the CFM56 
engine. 
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Figure 69.  Emission data was also collected for Jet A-1, blend of 50% Jet A-1 
and 50% early HVO biofuel and 100% HVO in a PWC small turbofan engine.79  
After the later UOP HVO biofuel was developed, emissions tests were 
again performed on these fuel blends in a CFM56-7B engine at 18K and 27K 
thrust ratings at GE’s Peebles facility using conventional gaseous and particulate 
emissions measuring equipment.  Test were performed on two blends, a 25% 
HVO/75% Jet-A fuel, and a 50/50 blend, which are shown in Figure 70 for the 
18K thrust rating (left) and 27K thrust rating (right.) 
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Figure 70. Emissions were also measured on later UOP bio-SPK fuel ground 
tests of a CFM56-7B engine at (18K) and highest (27K) thrust ratings80 
These test results show similar trends as the previous emissions tests, 
suggesting that a significant reduction in smoke/particulate emissions can be 
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 achieved by using alternative fuels with reduced sulfur and aromatics.  More 
variation was observed in the gaseous emissions than previous tests.  It was 
theorized that this was because the UOP bio-SPK fuel has higher hydrogen to 
carbon content than Jet-A fuel.  This may result in a lower peak flame 
temperatures, which are typically related to NOx emissions and inversely 
proportional to HC and CO emissions (e.g. lower flame temperature = lower NOx 
but higher HC & CO.)   
The emissions in the above figure are shown in terms of percent reduction 
from ICAO LTO (Landing Take Off) cycle emissions81.   Some of the variation, 
especially HC, may be explained because of the very low HC baseline emissions 
level and the test gathering variation anomalies normally found in emissions 
measuring equipment. 
Recent tests conducted in February 2009 at NASA's Dryden Flight 
Research Center under the name of the Alternative Aviation Fuels Experiment 
(AAFEX) should provide more information in the future on how alternative fuels 
impact engine emissions. 
4.1.5 Feedstock  
Large scale availability of sustainable materials that will provide the oil for 
the biofuel (i.e. feedstock) is a crucial factor in determining if biofuels have the 
potential to truly become a feasible option for commercial aviation. 
A literature search was performed to investigate present, first generation, 
feedstock sources.  It was quickly determined that these feedstocks were either 
unsustainable or lacked the capability to provide the enormous amounts of oil 
required to displace aviation jet fuel.  In addition, these first generation 
feedstocks were already busy supplying biofuel to the ground transportation 
sector.  Therefore, it was decided that next generation feedstocks would be 
needed if aviation were ever to implement large scale production of biojet fuel. 
Algae oil was an early leading candidate that was identified, but other 
nearer term feedstock candidates were needed.  A search was conducted to 
uncover Universities, R&D and other organizations that were helping to develop 
these next generation non-algae feedstocks.  Figure 71 shows the types of 
feedstocks that organizations were researching and were engaged to help 
research various next generation feedstocks.  They include several algae 
organizations, 3 organizations researching salt water plants, and 3 other 
organizations developing other oil-seed crops.  In most cases, subcontracts were 
issued to perform specific R&D that would help advance the science and serve 
to catalyze the industry to develop these feedstocks. 
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Figure 71.  Several providers supplied biomass oils to the project 
The degree of R&D directed towards the different types of feedstocks was 
based on the apparent potential of the feedstock and the need for industry 
support.  For example, Figure 72 shows that algae has the most potential to 
supply large amounts of algae oil, and at the time that this study was started, 
little R&D was being expended, especially since the demise of the Aquatic 
Species Program in the 1980’s.  Halophytes appeared to be a promising, 
sustainable, crop and so a moderate amount of R&D was initiated.   These 
plants are claimed to have the potential to provide relatively large amounts of oil 
per acre and may one day approach that of algae (Figure 73.)  Jatropha was 
being touted as a “wonder crop” and already had substantial investment taking 
place from other sources, so very little work was invested in this area.  Soy was 
judged to be unsustainable and had a very low yield, so this crop was also not 
investigated. 
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Figure 72.  Focus was on near term viable fuels that had high productivity 
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Figure 73.  Halophytes were found to have a wide range of potential 
productivities82 
Seashore Salicornia (Halophyte) 
Halophytes appear to be an ideal solution to providing biomass without 
compromising fresh water irrigation supplies.  There are several locations 
throughout the world where saline water sources, such as saline aquifers, could 
supply halophyte plantations that would be located in areas with abundant 
sunlight and suitable planting media (Figure 74.) 
 
Figure 74.  There are several ideal locations for halophyte farms through out the 
world.82  
Some commercial demonstration ventures have implemented specially 
designed halophyte growing systems that utilize different types of plants (e.g. 
Salicornia, Mangrove) with various salt tolerance, and different water saline 
contents to demonstrate the viability of small scale systems (Figure 75.) 
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Figure 75.  Some Salicornia R&D is already advancing to commercializationj. 
R&D funding was provided to one University to investigate the feasibility of 
generating very salt water tolerant, high oil productivity, and low nutrient demand 
Salicornia plant for biofuel commercialization. This program included the 
development of (1) a large scale in vitro regeneration system, (2) plantlet growth 
evaluation in order to select optimal species, and (3) small scale farming 
evaluation (Figure 76.)  Different growing media, nutrients, growth conditions and 
resulting plant growth rates were evaluated in order to choose an optimal 
Salicornia species for biofuels.  This research program is currently in the middle 
of the 3rd phase of small scale farming evaluation and so oil productivity results 
have yet to be gathered.  However, the first and second phase of the programme 
has produced some very promising Salicornia plant species. 
Year 3 – Gather data on 
suitability of halophytes for 
large scale jet fuel production
Year 1 - Develop an in-vitro 
regeneration system
Year 2 - Identify & characterize 
germplams.
 
Figure 76.  One contractor is performing validation studies of various types of 
Salicornia.k 
                                            
j Photo provided by Carl Hodges, Global Seawater Inc. 
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 Euphorbia  
Euphorbia Tirucalli is a plant belonging to the Euphorbiaceae family, which 
is not strictly classified as a halophyte.  The plant contains a milky latex sap, 
which contains di- or triterpene esters.  In the energy crisis of the 1970’s it was 
reported that because of its high isoprene content, this particular plant would 
become a boon to the biofuel industry thereby solving the world’s energy 
needs.83  Little was found on the makeup of this particular plant, and no 
quantitative information was found to back up these claims, so a small R&D 
effort was funded with another University to validate the earlier claims.     
An experimental plot of 0.5ha was established in the Arava valley near a 
Kibbutz named “Elifaz.” It is a very arid site in the desert with extreme 
temperatures.  An automatic trickle irrigation system was installed that used 
brackish reclaimed sewage water.  The EC of the water was ~5.5, with only 
minor fluctuations in salinity. As the water is reclaimed sewage, no fertilizers 
were added (Figure 77.) 
 
Figure 77.  Subcontract was issued to create test plot to evaluate feasibility of 
Euphorbia Tirucalli as a feedstock for biofuel.l 
                                                                                                                                 
k Photos provided by Cliff Louime 
l Photo provided by Amram Eshel, Tel Aviv U. 
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 The plant requires modest quantities of water for growth and under 
laboratory experiments was shown that it can use saline water of up to 200 mM 
NaCl. 
Vegetative reproduction material was later collected from the following 
countries: Zanzibar, Tanzania (Lake Manyara, Ngorongoro, Aldubai), Rowanda, 
Borundi, Morocco, South Africa, Namibia, Senegal and New York Botanic 
Gardens. Some material was also obtained from Haiti and from the Botanic 
Garden in Kyoto, Japan.   These were tested to determine the most salt tolerant, 
high productivity plants.  
Cuttings were selected from some of the most productive species and were 
planted at a density of 2500 cuttings/ha. Rooting success was over 95%.  After 
approximately 5 months, an increase of the plants' weight indicated that they 
grew rather fast, reaching a weight of 672 kg per hectare, that is an average of 
3.2X increase over their initial weight.  During the first month’s growth, plants 
normally grow slower than average due to lag time needed to establish new root 
systems. 
The test results (Figure 78) showed that the yield of crude latex extract of 
the plant surpassed the yields of most other Euphorbia plants as reported in the 
literature.  The total yield potential of Euphorbia Tirucalli is much higher by an 
order of magnitude. 
FW = Fresh Weight, DW = Dry Weight  
Figure 78.  The E. Tirucalli plant’s growth productivity was good while growing on 
saline water.84 
However, preliminary lab results showed that the level of useful 
hydrocarbons was disappointing and so its value may be much less than was 
earlier reported.  The value of the latex material to make biofuel is also currently 
being evaluated by a major oil corporation.   
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 Jatropha:  
Jatropha Curcas is a drought tolerant tree and member of the 
Euphorbiaceae  family.  It is seen as a promising feedstock for producing oil for 
biofuel on degraded lands (Figure 79), reducing soil erosion and generating rural 
employment. 
Jatropha Plants
 
Figure 79.  Two year old Jatropha plantation in Brazil 
Before Jatropha became a popular candidate for biodiesel, its growing was 
confined to applications such as natural fencing, and other limited uses. There 
was no commercial market for Jatropha oil and so there was no experience with 
its large scale growing and, as a result, no reliable data was available.  However, 
due to its drought tolerance characteristics, and claimed ability to grow very 
successfully on degraded lands, it fell victim to public hype and became known 
as a “wonder crop” for biodiesel production86.  Although it is still promising as a 
niche crop for biofuel production, it is most likely not the “wonder crop” that it has 
been built up to be. 
Crop yields will vary depending on inputs, climate and the skill of the 
farmer. Claims of Jatropha yields appear to be varying considerably.85  For 
example, the following Jatropha yields are reported from various sources 
(assuming 35% oil content). 
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 Table 4.  Reported Jatropha Oil Yields 
Source Jatropha 
Oil Yield 
(tons/hectare
) 
Reference 
Jatropha 
handbook 
.09-2.1 Jatropha Handbook, 2nd edition, 2009 
Agroforest, 
China 
0.63 http://www.springerlink.com/content/954p8k84427123w7/ 
Frost & 
Sullivan 
1-5 http://www.frost.com/prod/servlet/market-insight-top.pag?docid=36738184 
Agro 1.5-2 http://findarticles.com/p/articles/mi_m0CYH/is_15_7/ai_107215410/ 
Biofuels 
Revolution 
3.5 http://www.biofuelsrevolution.com/jatropha/ 
BAIF Dev.t 
Research 
Foundat’n 
0.5-2.5 http://www.baif.org.in/aspx_pages/pdf/Agroforesty/SouthernRailway.pdf 
Business 
Insider 
0.16-3.9 http://www.businessinsider.com/is-jatropha-a-viable-alternative-energy-
source-2009-2 
Philippine 
Nat’l oil 
5.25 http://www.pnoc-afc.com.ph/newsroom_view.php?news_id=28 
UNCTAD 3.5 http://www.unctad.org/sections/wcmu/docs/ditc_comb_Jatropha001_en.pdf 
 
In 2007, Wageningen University and Research Center (a primary center for 
Jatropha research) found that many early claims about Jatropha yields "seem to 
have emerged from incorrect combinations of unrelated observations, often 
based on measurements of singular and elderly Jatropha Curcas trees." These 
findings have been confirmed by several more recent sources86,87.  Jatropha is 
realizing less than half its projected yields in most projects, and less than a third 
of optimistic estimates.  Figure 80 illustrates that the Jatropha tree indeed 
behaves like most other plants … it produces much more when it is supplied with 
good soil and optimal amounts of water. 
 
Figure 80. Jatropha oil yield will vary greatly depending on the amount of water 
and fertility of the soil. 
Jatropha not only gained the reputation that it can thrive in poor soil 
conditions, it also gained the reputation as a crop that thrives with limited water.  
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 However, one reputable study88 suggested that Jatropha is not the water stingy 
plant that it has been promoted to be.  Figure 81 shows that Jatropha is actually 
more water intensive than Soy or Rapeseed, based on litres of water required 
per litre of oil produced. 
 
Figure 81.  Jatropha may actually be a water intensive plant in order to generate 
sufficient oil for biofuel.88 
Due to the relative lack of experience with growing Jatropha commercially, 
and its false reputation to grow in poor soil conditions with little water, several 
failed commercial ventures have resulted.  The graphic result of one such 
venture is shown in the figure below.  Six month old tree cuttings were planted in 
a former soy plantation that had become non-productive because of degraded 
and compacted soil.  The top 6-8” of the soil was tilled and Jatropha saplings 
were planted in the poor soil and allowed to grow for about a year.  One can see 
that the roots of the tree failed to penetrate into the poorer, compacted soil 
beneath the topsoil.  The entire Jatropha plantation is failing to thrive and will be 
non-productive as well.  
 
Figure 82.  Poor soil conditions were observed to result in poor Jatropha root 
growth. 
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 One study revealed that other reports had erroneously estimated that an 
area of 900,000 hectares of Jatropha had been planted globally.  Only 14 
projects out of the 242 projects were larger than 1,000 hectares while 80% of the 
projects were in test plots and small scale farming. The report also indicated that 
the Jatropha industry is dominated by government programs, with few 
commercial players.89  Jatrophabook concluded that the realistic area of 
commercial Jatropha cultivation for 2009 is approximately 350,000-400,000 
hectares90. It estimates that the main difference in reporting and true production 
is due to the low uniformity of measurements and unreliable information received 
from Asian state programs. 
R&D areas to invest in Jatropha to enable its successful commercialization 
include: 
• Insufficient information on its suitability for specific areas 
• Lack of a mechanical harvesting system 
• Lack of species improvement programmes through organized selection 
and breeding 
• Limited agronomic studies on inputs and productivity under various 
climatic conditions 
• Lack of economic studies on market systems and environmental 
acceptability. 
According to Biofuels International, the biggest hurdle for commercialization 
of Jatropha may turn out to be time. Since the Jatropha trees require 3–5 years 
to reach optimal yields, breeding Jatropha to achieve an optimal oil yield is an 
extremely lengthy process. Only after first yields are observed can one assess 
which varieties would be promising to potentially breed.  This then requires an 
additional period to observe results from such high throughput breeding 
techniques. This practically means that Jatropha breeding will take at the least 
10-15 years. 
It appears that many of the Jatropha commercialization efforts are 
encountering the realization of the practical issues just discussed.  Some 
background on commercial Jatropha is discussed below-- 
Jatropha, JV commercialization- One major joint venture was formed in 
October 2007. This endeavor claims to account for approximately 25% of 
planted Jatropha area. The focus of their plantation efforts have been in Africa 
and India.  According to the JV’s 2008 annual report, it successfully produced its 
first quantities (1,000 tons) of crude Jatropha oil in 2008, making its first sale in 
Africa (at $1,800/ton). According to the report, the JV has been supporting the 
planting of Jatropha since 2006.  However, meaningful volumes of oil can only 
be expected during 2009 as the Jatropha trees need to mature and younger 
trees become productive. In its June 2009 interim report, the company did not 
report the sale of any crude Jatropha oil.91 
The JV’s operations in Africa have proven disappointing.  They have 
experienced a management restructuring and announced that “the planting 
position will continue to be kept under review.”  In March 2008, it reported 
192,016 hectares were under cultivation.  Overall the company reported 257,370 
hectares under cultivation at the end of 2008, the majority in northeast India in 
another JV with a tea producer92 By mid-2009 the reported area had decreased 
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 to 220,000. The company predicted in September 2008 that it would increase its 
plantations to 300,000 hectares by year end but confirmed in February that total 
planting had not increased since the September update. 
Jatropha, India - More than 10 states in India have Jatropha ventures, 
which have invested some $332M in public and private funds.  As shown in the 
table below, it is estimated that large tracts of fallow and waste lands can be 
turned into productive Jatropha plantations which could cover some 20% of the 
country. 
Table 5.  Wasteland area in India that could be partially or fully cultivated 
with Jatropha (in million ha)93 
 
One Indian JV estimated that it would be producing up to 300 tons of 
biofuel per day within 4-5 years94. The Uttar Pradesh state government 
announced a plan to convert 40 percent of the state’s waste areas to Jatropha 
production by 2012. The plan is part of an overall goal of making India energy 
independent by 2012.95  The Chhattisgarh state minister for forests reported that 
the planting of 100 million Jatropha saplings on 40,000 hectares throughout the 
state has been completed. The state spent $15.1 million on the project, which is 
planned to ultimately plant 1 million hectares of fallow land with Jatropha by 
2012, and create 1.43 billion in revenue from the sale of biodiesel96 
Recently, reports are surfacing about difficulties in achieving a viable 
Jatropha oil industry. Inter Press service reports that less than half of 290 million 
Jatropha saplings planted on 1.6 million hectares in Chhattisgarh have 
survived97; other reports of poisoned cattle from eating Jatropha leaves have 
surfaced, as well as concerns raised over the impact on small farmers of vast 
tracts of fallow land being given away to Jatropha ventures.98  
Jatropha, China - China is the world’s 3rd largest producer of Jatropha and 
has recently embarked on an ambitious program to promote Jatropha.  By 2010, 
China plans to plant 1 million hectares of Jatropha.   
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 Jatropha was introduced to China about 250-300 years ago and was 
traditionally used as a natural hedge-row fence.  In 2007, China banned the use 
of food-based feedstocks for biofuel and embarked on a program for the 
provincial governments of Southwest China to plant Jatropha on marginal 
lands.99  Jatropha is distributed mainly in Yunnan, Sichuan, Guangxi, 
Guangdong, Hainan and other China provinces in the South that have warm-to-
hot climates.  In March 2006, the Yunnan province established “the province's 
forest biomass energy-biodiesel raw material forest development planning”, an
proposed to develop Jatropha plantations on 666,666 hectares of land.  
According to Yunnan forestry department’s statistics, Yunnan’s existing s
wild and planted Jatropha Curcas has reached about 33,333 hectares to da
Commercial plantation production rates are claimed to be averaging 1.8 
tons/hectare
d 
emi-
te.  
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 irrigated farming 
practices of planting high water demand crops such as corn. 
100 (~0.63 tons oil/hectare) which seems to be more of a realistic 
yield than was being reported earlier by many other entities (shown previousl
Jatropha, Myanmar - The Myanmar government set out in 2006 to 
cultivate 3.42 million hectares of Jatropha, requiring each state to plant at least
202,000 hectares of Jatropha.  Unfortunately, this lead to the displacement of 
food crops, imprisonment of farmers who wouldn’t cooperate, and due to a lack 
of harvesting equipment, a disastrous w
en suffer from malnourishment.101 
Jatropha, Haiti – Currently 75% of this country’s energy is supplied by 
wood, which has left the country almost entirely deforested.102  NGO’s have 
proposed that Jatropha may be a good crop to reforest the hilly regions o
which would then provide biofuel and useful byproducts.103  It has been 
suggested that if Jatropha could be re-introduced to Haiti, while assuring it would
not compete with food crops (e.g. Myanm
Castor: 
While Jatropha could be a suitable crop for reforestation of hilly regions, a
modified Castor plant, which comes from the same family as Jatropha, would
probably be the preferred crop for flatter lands.  These crops could be mass 
produced and harvested with mode
 competitive with fossil fuels. 
The Castor bush is a drought resistant, fast growing plant, producing an 
abundance of seeds within 9 months of planting versus the 5 year optimal peri
for Jatropha tree.  The Castor plant can also produce seeds in the 2nd and 3rd 
year of life, but the optimal seed production occurs in the first year.104  Because 
the plant is fast growing and produces seeds quickly, another advantage is that 
can be modified by “high throughput breeding” techniques to produce the mos
desirable and p
frame.105 
On a visit to the plains of the state of Bahia in Brazil, it was observed tha
drought had killed most of the corn and bean food crops of the local farmer
while Castor was surviving.  It was also observed that the water table had 
dropped precipitously in recent years due to the unsustainable
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 The present traditional methods of farming Castor tends to be inefficient 
and labor intensive which drives up the cost of the end product.  In Brazil, it was 
observed that predominantly small farms were growing Castor.  This tended to 
result in the use of poor quality seeds, low plant density (plants placed far apart), 
variations in the growth patterns of the plants, and hand picking harvesting 
methods.  Using these techniques would result in Castor oil costs of over 
$700/ton.  However, castor has the potential to be improved for higher yields in 
semi-arid lands using modern farming techniques, to reach costs of $350/ton of 
oil.106  These techniques might include: development and use of hybrid castor 
seeds that produce a plant with high drought tolerance and the ability to be 
grown in dense colonies.  This would result in non-irrigated crops that can be 
grown on semi-arid lands, therefore not competing with food crops and be 
harvested mechanically  
One of the key factors to allow mechanical harvesting of Castor is the 
development and use of crops that can be planted in tight, dense rows and are 
limited to a height of less than 6 feet.  Figure 83 shows a mechanical harvesting 
experiment of Castor plants under development.  One can see in the previous 
figure that the traditional Brazilian Castor is a much higher plant with thick stalks.  
The Brazilian Castor is not precisely spaced which results in a plant that can only 
be harvested by hand. 
 
Figure 83.  Creating a shorter, high density Castor plant would enable 
mechanical harvesting.m 
One subcontractor performed an analysis of ideal locations for Castor 
plantations throughout the world. Based on this analysis, the two best areas to 
produce Castor, in terms of climate conditions, availability of non-arable land and 
market considerations were determined to be Texas in the United States, and 
the State of Bahia in Brazil. 
Camelina: This is an annual plant that is native to Northern Europe.  It 
comes from the Brassicaceae family, which also includes Rapeseed and Canola.  
Camelina Sativa has many common names: gold-of-pleasure, false flax, wild 
flax, German sesame and Siberian oilseed.  It is a hardy, cold-tolerant plant that 
can be seeded in early Spring, and would make a good rotation crop for current 
food crops, such as wheat.   
                                            
m Photo provided by L. Cinnamon, Evogene ltd. Israel, 2009 
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 The small seed’s oil is well suited to producing biodiesel or biojet fuel.  It 
consists of about 43% oil and the content of unsaturated oil is about 90%. About 
50% of the total fatty acids are polyunsaturated-linoleic acid (18:2n− 6) and α-
linolenic acid (18:3n− 3).107 
The leftover meal from the seed is a protein-rich feed source that can be 
used for cattle or swine in the US.  An effort by an industry coalition is under way 
to enable the meal to be used for all animal feeds.  In addition, selective 
breeding work is being conducted on more than 120 Camelina populations, or 
pools of genetic material, which should help identify and select superior genetic 
lines for improved Camelina varieties under various climate, nutrition, and water 
conditions.108 
Camelina has unique traits which could substantially reduce, or perhaps 
eliminate, requirements for field tilling and annual weed control. The compatibility 
of Camelina for no-till seeding, coupled with its ability to compete with weeds 
and low fertilizer demands, could enable this crop to have the lowest input cost 
of any oilseed.  At a seeding rate of 6 to 14 kg/ha, Camelina could inexpensively 
be applied by air or machine-broadcast in early winter or spring on stubble 
ground without special equipment. Further utilization and breeding research is 
required to more fully make use of the unique agronomic qualities that this crop 
possesses. 109 
Although this ancient crop has been cultivated in Europe for over 6,000 
years for food and fuel, its use for human consumption has not been developed 
to any extent in the US.  Camelina oil is a rich source of omega-3-fatty acids and 
vitamin E that could potentially be used to produce high value human foods and 
cosmetics. Some health food specialty distributors are already beginning to 
capitalize on this market (Figure 84.)  The leftover meal could also be used to 
enhance livestock products, such as high omega-3 eggs, meat and dairy 
products.  Establishment of this value-added industry would likely commence 
when FDA GRAS and AFFCO certifications are achieved.110  In the mean time, 
the use of Camelina oil for biofuel production would be an excellent solution to 
help develop this crop within the agro community and also help feed the biofuel 
industry’s oil needs until other higher potential feedstocks, such as halophytes 
and algae, are developed. 
 
Figure 84.  Camelina oil may be allowed for human consumption (Salad oil 
shown.)n 
                                            
n Photo from Marx Foods, Inc. www.marxfoods.com 
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 Algal Biomass 
In order to assess the feasibility of algal biomass to provide oil for biofuel, 
several Phycology (scientific study of algae) areas were investigated.  Figure 85 
shows that these investigations included: the performance characteristics of 
algae species to produce oil, the impact of growing conditions on the 
development and oil generation of the algae, the pros and cons of open pond vs. 
closed photobioreactors, methods to collect the very small concentration of algae 
(on the order of 0.01% to water content), means to further dewater or dry the 
harvested algae, ways to break the algae cell membrane and extract the oil 
content, and methods to clean the algae oil of unwanted contaminants such as 
heavy metals. 
Strain
Selection
Growing
Method
Harvesting
Growing
Conditions
DewateringOil ExtractionOil Cleanup
or?
Open system Closed system
Life Cycle Assessment
 
Figure 85.  Many steps & technologies are involved in generating algal oil. 
Several researchers were put under contract to conduct detailed 
investigations of the areas, which will now be discussed – 
Algae strain selection – Only ~3,000 strains of algae in the US have been 
examined for their suitability to be used as feedstocks for biofuels130.  The total 
number of species remains unknown, but the Algal Collection of the U.S. 
National Herbarium consists of over 320,500 specimens111.  As it appears that 
regional algal would be best suited for mass culturing, an investigation was 
conducted of various fresh water algal and salt water (marine) algal species to 
understand their suitability to grow in the Pacific Northwest. 
One contractor was engaged to study Marine algal species at their marine 
laboratory in Western Washington.   Results of those trials are not yet complete. 
A private company was engaged, in collaboration with two local 
Universities and one algal research centre to evaluate fresh water algal species 
that are native to Eastern Washington.  Samples of regional freshwater algae 
were gathered, as well as standard known freshwater varieties which were 
procured from laboratory suppliers such as University of Texas (UTEX) and then 
grown in the lab at the University under identical conditions using atmospheric 
CO2 concentrations.  Algae growth rate and oil content, for both non-stressed 
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 and stressed (i.e. nutrient deprivation) conditions were evaluated.  Figure 86 
shows the results of the various varieties, most of which were unclassified or 
unknown. 
 
Figure 86.  Laboratory and native E. Washington algal strains produced various 
percentages of oil.112 
One algae species, EG (short for “El Gordo,” “the fat one”), was particularly 
interesting because of its rapid growth and good oil content. EG was isolated as 
a robustly growing contaminant from small water tanks (Figure 88) using coal 
flue gas in a coal-fired electrical powerplant in Boardman, OR.  EG is a 
biflagellate green alga with a striking resemblance to members of the Dunaliella 
genus. 
Another unknown was the composition of the HC makeup of the algal oil.  
Figure 87 shows an analysis of two varieties of algae oil, one was a specially 
cultivated Dunaliella Maritima.  The other oil was obtained from unknown algal 
varieties harvested by a contractor that were grown in sewage wastewater 
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 obtained from the Everett wastewater treatment facility in Everett, Washington.  
It shows that the algal oil HC chain distribution is similar to that of other 
vegetable oils, with a distribution peak in the C16-C18 range.  The Dunaliella 
algae exhibited some branched chains, which is desirable for conversion into low 
freezepoint biojet fuel.  The wastewater algae tended to exhibit slightly longer 
chains.  The degree of branched chains was not evaluated for this algae oil. 
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Figure 87.  Algae grown from sewage waste water or from prime brackish water 
appear to have the same HC chain characteristics.  
 
Algal Growing Conditions – Algal biomass rarely performs as well in the field as 
in the laboratory setting.  Therefore, the influence of growing conditions on the 
algae was investigated.  The variability of growing conditions included: using 
smoke stack effluent for enhanced CO2 supply, open vs. closed tanks, levels of 
natural sunlight and temperatures variations, as well as the durability of the 
algae to resist natural algal feeding predators.  Small water tanks were set up by 
one contractor at the Boardman coal fired powerplant with the algal species 
Chlorella sorokiniana, PF1, UN1, Ankistrodesmus sp., PF2, and EG where they 
are currently undergoing field testing (Figure 88.)  Results should become 
available in 2010. 
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Figure 88.  Several different fresh water algal strains were field tested at electric 
powerplants to evaluate their feasibility to produce oil.o 
Similar to humans, the algae has a growing phase in its developing phase 
of life and can also have a fat accumulation phase, especially once it has 
matured.  The fat (lipid) accumulation phase is triggered by an environmental 
stressor such as a lack of nutrients; usually nitrogen.  When the cells run out of 
the nutrient, excess carbon substrate continues to be assimilated by the cells 
and converted into storage fat113.  Figure 89 shows the green algal biomass in 
the growing phase on the left.  In this phase, they are consuming the nutrients, 
and increasing their mass.  However, when the nutrients are reduced, the algal 
stop producing, and use the CO2 to start producing fats.  The figure on the right 
shows accumulation of fat globules within the cell walls of each alga.  
Stress
Green algae Oil droplets
Growing Phase
(eating nutrients and CO2)
Conditioning Phase
(storing fat/oil)
 
Figure 89.  Conditioning or stressing the algae results in higher lipid (oil) 
accumulation115 
                                            
o Photos supplied by Stan Barnes, Seattle, WA 
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 Some data was gathered on the affect of nitrogen nutrient deprivation and 
its impact on lipid accumulation, as was shown in Figure 86.  Additional work 
was performed by two contractors on lipid accumulation and results should 
become available in mid-2010. 
Growing Methods – Presently there is a raging debate within the algal 
industry over the best approach to grow the algae, either with inexpensive open 
ponds or with high productivity closed photobioreactors.  One additional 
approach might be a hybrid system where the algae is grown in an open pond 
and then transferred for a short period of time to a photobioreactor. 
Figure 90 shows a small scale open pond.  It utilizes a paddle wheel to 
gently stir the algae.  The reason for this is so that each alga will have a chance 
to be exposed to the sunlight that only penetrates the top few inches of the water 
tank/pond.  It also helps distribute the nutrients and mixes the dissolved CO2 
which helps ensure a consistent water PH throughout the pond.  This scaled 
pond is being used to evaluate the productivity of various salt water species of 
algae and the impact of growing conditions in Western WA. 
 
 
Figure 90.  Various marine (salt water) algal species are being tested for 
suitability for oil production 
The implementation of open ponds for commercial algae production is 
envisioned to consist of very large ponds that are equipped with simple paddle 
wheels.  Figure 91 shows one such commercial algae production system.  It was 
designed to grow algal biomass for humans and their food chain.  Most of the 
ponds are growing the species hemotococus, which is a high value 
reddish/orange colored alga that can be fed to farmed salmon in order to restore 
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 the pinkish coloring of the flesh of the farmed Salmon (only wild Salmon have 
pink flesh.)  For two of the 747-400 biofuel flight demonstrations, algae oil was 
extracted from these hemotococus algae. 
The overwhelming advantage of open ponds system is their low capital 
cost, which will be critical to achieve low cost biofuel.  The principle 
disadvantage of an open pond is that its environmental conditions can not be 
controlled as well as in a photobioreactor. 
 
 
Figure 91.  Large open ponds are one approach to growing commercial alga p 
A closed photobioreactor is one that is typically sealed from the ambient 
environment and whose conditions can be more closely regulated.  Figure 92 
shows two examples of closed photobioreactors.  The picture on left illustrates a 
prototype flexible bag system for evaluation of an algal system to capture and 
sequester flue gas CO2.  The photobioreactor on the right is a rigid tube system 
that was in order to grow hemotococus.  Flat panel systems are the 3rd variety. 
                                            
p Picture complements of Cyanotech, Hawaii, http://www.cyanotech.com/ 
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Figure 92.  Closed photobioreactors (bag system on the leftError! Bookmark not defined. 
and tubular on the right) are another approach for growing algae. 
The advantages of closed photobioreactors are that: invading species and 
predators can be discouraged (they can still invade though), there is the potential 
for increased surface area for more light exposure and, environmental conditions 
(e.g. water evaporation) may be controlled more closely.  The disadvantages are 
that these systems are very expensive and can not be scaled up to the very 
large volumes (i.e. 1,000 hectares) needed for low cost algal production.  There 
can also be issues of biofilm buildup inside the reactor, overheating in the hot 
summer weather and oxygen poisoning of the algae by not effectively removing 
the O2 gas that is produced by the algae. 
Another option considered was a hybrid system that used open ponds for 
the growing phase, which typically takes 20-30 days, and then transfers the 
water/algal mixture into photobioreactors for a few days to condition the algal 
biomass to increase lipid content.  Figure 93 shows such a prototype system 
being developed by a contractor.  Scaled raceway ponds with paddle wheels 
were constructed as shown in the lower part of the picture.  Various algal 
species will eventually be grown and tested.  Scenedesmus was first grown in 
these ponds and then transferred into the closed flat plate photobioreactors, as 
shown on the right part of picture of the figure, where the temperature, PH, 
dissolved gasses, and nutrients can be closely controlled.  The argument is that 
the increased cost of the photobioreactors can be justified by the much higher 
yielding oil content of the conditioned algal biomass, which should only take a 
few days of conditioning in the photobioreactor versus several days of growing in 
the open pond system. 
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Figure 93.  A hybrid (open pond + photobioreactor) system is another option that 
was developed and studiedq 
The Scenedesmus algal culture was grown in 30 cm deep open ponds 
which increased in density from 0.26 g/L to 1.2 g/L after 26 days of cultivation 
with a concurrent decrease of the nitrate level from 41 mg/L to 5 mg/L.  After the 
algal mixture was transferred to the flat plate photobioreactor, nitrate was 
depleted within one day while algal biomass almost doubled in 5 days (Figure 
94-A & B). While in the open ponds, the total lipid content in the cells was low, 
(<8% of dry weight) however it increased 3.5X within 5 days when introduced 
into the closed bioreactor.  Neutral Lipid Percentage also increased dramatically 
(Figure 94-C)  
                                            
q Photo provided by Q. Hu, Phoenix, Az. 2009 
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Figure 94.  Production of biomass and lipid in Scenedesmus cells maintained in 
a hybrid cultivation system. Growth (A), nitrate level (B), and total lipid (C).115 
Once the algal are grown and conditioned, they must then be harvested, 
dewatered, oil extracted and cleaned up, which will be discussed in the 
processing section 4.1.6 of this report. 
Lipid contents of 20-40% on a dry basis, and even on occasion exceeding 
50%, are often observed in laboratory conditions.  However, the major issue is 
not lipid content but lipid productivity.  For example, Botryococcus braunii forms 
long chain hydrocarbons of up to 60% oil of the dry weight; but it is a very slow 
growing and low-productivity algae strain.  In order to achieve higher 
productivities, perhaps high oil content algae could be coaxed through selective 
breeding to grow faster.  Another approach would be to see if fast growing algae 
could be engineered to have higher oil content.  One such fast growing species 
is a blue/green algae named Cyanobacteria, which strictly isn’t an alga at all but 
is in fact a diatom. 
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 Cyanobacteria (Blue/Green Algae) 
Two consultants were put under contract to explore the feasibility of an oil-
producing system that would use a Genetically Modified Organism (GMO) from 
Cyanobacteria that would also have the ability to produce bio-oil.  While 
Dunaliella algae have been observed to have growth rates of up to 25 g/M2/day 
at the Seambiotic facility, it is theorized that a GMO Cyanobacteria could exhibit 
growth rates of up to 100 g/M2/day114.  Although this species has much higher 
growth rates, it suffers from the disadvantage of not having any lipid producing 
genes.   
Figure 95 shows a concept of GMO cyanobacteria designed for oil 
production.  The key factors involved in this organism are the introduction of 
genes that: (1) utilize a broader spectrum of the sunlight in photosynthesis, (2) 
produce lipids in the form of free fatty acids, (3) exhibit pores in the cell’s 
membrane that can continuously excrete the oil.  Production of such an 
organism would enable continuous oil production at much higher efficiencies and 
would undoubtedly provide much lower operating costs as the harvesting, 
dewatering and oil collection steps that algae require would be eliminated by 
GMO cyanobacteria.  
 
Figure 95.  GMO cyanobacteria, to produce and excrete oil, were studied by two 
microbiology consultants in 2009. 
The cyanobacteria growing system would require the use of a closed 
photobioreactor.  This would help prevent contamination and would also help in 
preventing the GMO bacteria from escaping into the environment.  Some sort of 
insurance gene would also most likely be inserted so that the bacteria couldn’t 
live outside the specially constructed and operated photobioreactor.  Figure 96 
shows an example of a GMO cyanobacteria concept. 
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Figure 96.  Large scale cyanobacteria systems were evaluated for feasibility. 
Due to the immaturity of such a GMO program and construction of an 
appropriate operating system, the capital costs remain unknown.  Such a system 
may provide the greatest amount of bio-oil for global energy consumption, but a 
much more in-depth study will be required to determine its feasibility and 
economic viability. 
4.1.6 Feedstock processing methods 
Once the biofuel feedstock is grown, it must be gathered and processed 
into the bio-oil product.  Oil seed crops, such as soybeans, have been used for a 
number of years and so the processing methods for oilseeds are relatively 
mature.  However, some of the new generation feedstocks, such as algae, are 
relatively immature and so affordable processing methods must be researched 
and developed in order to assess the economic feasibility of commercializing 
these feedstocks. 
Several small contracts were issued to the various research organizations 
listed in Figure 97 to evaluate new processing methods for algal biomass. These 
included Universities (oval markers), private research organizations (rounded 
boxes) and consultants (boxes.) 
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Figure 97.  Subcontractors provided information on processing methods for 
biofuel feedstocks  
4.1.6.1 Algal inoculum growing systems 
In the process of growing algae, large quantities of seed algae need to be 
introduced back into the open ponds that have been freshly harvested and 
refilled with water.  In order to inoculate the ponds with this algal starter, a high 
purity specimen needs to be grown in an affordable, controlled, inoculum 
growing system.  This will help avoid introducing algae of unknown origins into 
the ponds and a sealed system will help reduce the likelihood of algae predators 
(grazers) from destroying the culture.  
One University’s agricultural biology department was engaged to apply 
their expertise in low cost greenhouse construction to design and construct a 
prototype low-cost algal inoculum system.  Figure 98 shows a picture of the 
system that was developed.   
(Cover removed)
 
Figure 98.  Low cost inoculation system was developedr 
The inoculum system consists of circular, lined pond, with a floating arm 
that rotates around a center post to stir the algae.  The key feature that makes 
this system affordable is an inflatable, clear dome that covers the pond.  The 
                                            
r Photo provided by Phil Saddler, Phoenix, AZ, 2009 
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 prototype system cost $16.00/ sq. ft. to construct.  For mass production, it is 
estimated that the capital costs of this system would be lowered to $3.00-5.00/ 
sq. ft.  This should compare very favorably with traditional flat plate or tubular 
photobioreactors because it will not require expensive polycarbonate materials 
for light transmission.  It should also compare favorably with polyethylene bag 
type photobioreactors because this system will not experience biofouling on the 
transparent surfaces, can be easily cleaned, and will not require handling of 
small individual bags.  This domed system is also better suited for automatic 
continuous operation and so should reduce operating costs as well. 
4.1.6.2 Algal harvesting systems 
Removal of the small amount algal biomass (~ 0.01%) from the large 
volume of water is a challenge because the energy required to accomplish this 
harvesting can easily surpass the amount of energy contained in the algal oil.  
Therefore, contracts were issued to several researchers to investigate novel low 
energy harvesting methods.  Table 6 shows some of the existing and proposed 
approaches to separation technologies. 
Table 6.  Comparison of different separation methods115 
(Carmichael, Drapeau 
et al. 2000)
(Tilton, Dixon et al. 
1972; Lubian 1989; 
McCausland, Brown et 
al. 1999)
(Nurdogan and 
Oswald 1996)
(Heasman, Diemar et 
al. 2000) (Sim, Goh et 
al. 1988)
(Helmuth 1978)
(Chen, Liu et al. 1998; 
Houghton 1999; 
Baulig, Garlatti et al. 
2003; Phoochinda, 
White et al. 2005)
(Sim, Goh et al. 1988)
(Chen, Liu et al. 1998; 
Rossignol, Vandanjon
et al. 1999)
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Coagulant is needed, further 
treatment is  need 
High volume of liquid
Damage the cell structure. 
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Bulky and expensive 
compared to pressure filters, 
output is Low 
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discharge, cake equipment is 
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Dissolved Air Flotation (DAF) – This classical approach involves 
introducing a polyelectrolyte material (i.e. flocculent) into a liquid/biomass 
mixture to help attract the small suspended biomass particles via an electrical 
potential, to the flocculent particle and thereby agglomerate into a larger mass 
that can be more easily gathered.  Once the biomass has clumped together, an 
air mist can then be finely bubbled into the bottom of the liquid algal suspension 
tank.  The biomass clump will then adhere to the microbubbles (preferable <100 
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 micron) and float to the top of the tank where it can be skimmed off116.  Figure 
99 shows this concept and one application in use to gather algae biomass (to
picture.) 
p 
117 
 
Figure 99.  Dissolved Air Floatation system is a common harvesting approachs 
The advantage of this system is that it is a proven system that has been in 
use for many years.  The main disadvantage is cost.  Namely, the chemical 
requirements, especially flocculants such as the commercial “Chitosan”, can 
result in a continuous cost that can be quite significant.  Alum and ferric chloride 
are more affordable flocculants, but would still be too expensive for a large scale 
algae biofuel commercialization project.  Bubbling the compressed gas through 
the huge amount of liquid can also be energy intensive, at least when compared 
to the amount of energy that will be contained in the algal oil.  Thus, a careful 
cost analysis would need to be performed on the DAF machinery and the 
flocculants in order for this system to be considered as a cost effective algal 
harvesting system. 
Filtration System – Another approach to filtering suspended algal biomass 
from the water is through the use of a membrane filtration system.  Figure 100 
shows one such concept and bench scale system that was developed under 
contract. 
                                            
s Photo from Aquaflow (New Zealand) and DAF schematic from wikipedia.com 
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 The development of the membrane filter is the critical technology item since 
it will become quickly clogged with the algal biomass unless it has a way to shed 
the biomass from the filter element.  In the below concept, several vertical 
cylindrical PVC filter element tubes are joined together to form a single MUF 
(Membrane Ultra Filtration) module.  A pressurized algal/water mixture is then 
forced through the filtration system.  As the biomass is separated from the water 
and starts to accumulate on the outside of each of the filter tubes, it is designed 
to sluff off from the tube and fall to the bottom of the filter cavity where it will be 
periodically flushed into a harvesting vessel.  The filter is designed to have a 
very low differential pressure (ΔP) of approximately 2-3 PSIG so that little 
pumping energy will be required to move the large amounts of water through the 
filter.  The unit has shown the capability to filter 2 L of algae suspension at a 
concentration of 1 g/L to 10 g/L within a 30 min period.  Presently, tests are 
being performed to evaluate the filtering effectiveness, clogging potential, ΔP 
performance and speed.  
The advantage of this system is that it would not require any chemicals or 
flocculants and that it has the potential to harvest a large percentage of the 
suspended algal biomass.  The main disadvantage is that the pumping energy 
required for this system could overcome the energy contained in the algal 
biomass.   This system might best be used where there is a relatively high 
pressure head available between the algal water discharge port and the final 
permeate water discharge outlet.  
PF
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Figure 100.  Micro Ultra Filtration (MUF) system was developedt. 
Taylor-Couette (T-C) filtration system – Another harvesting system that 
was investigated involved a rotating filter cylinder.  This T-C system was 
 
t Picture provided by Professor Qiang Hu,  Tempe, AZ., 2009 
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 designed so that only water would penetrate through the filter.  A vortex, 
generated by the small holes in the rotating filter, would essentially centrifuge the 
heavier biomass particles away from the filter and would settle to the bottom of 
the filter cavity.  This principle is used in the biomedical field to separate blood 
plasma.  Figure 101 shows the system concept (left) and a commercial off-the-
shelf T-C filter (right) that was integrated into a prototype system and tested with 
several strains of algal biomass in the University laboratory. 
 
Figure 101.  T-C filtration system was investigated for algal/water separation118 
Various operating parameters, such as T-C cylinder rotation speed, were 
tested in the laboratory.  However, the filter failed to adequately separate the 
algal biomass from the water.  Although it appeared to be a promising approach, 
this particular technology has proved to be difficult to develop. 
4.1.6.3 Oil Extraction Systems 
Once the algal biomass is separated from the water, an oil extraction 
system can be used to remove the oil from inside the algae cell.   Like the 
harvesting step, the oil extraction system must also operate with very little input 
lest this step could use more energy than would be extracted from the algal cells.   
Several existing and new technologies were explored to understand the 
processing feasibility and obtain estimated costs.  
Solvent process – A very common method of oil extraction the use of 
chemical solvents.  The Soxhlet unit is a laboratory apparatus that can extract 
oils from dried algae through repeated washing, or reflux, with an organic solvent 
such as hexane or petroleum ether.119  One contractor explored its potential for 
algal oil extraction commercialization. Figure 102 shows the laboratory Soxhlet 
apparatus (left) and the results of how many washings or refluxes were required 
to extract the oil from a single cell, thin wall, type of algal culture.  Other algae 
species, such as nanochloropsis, were also evaluated and exhibited similar 
results for the required number of refluxes to achieve maximum oil extraction; 
about 6.  Using these reflux results, an estimate of the extraction cost was 
formulated. 
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Figure 102. Soxhlet oil extraction hardware was utilized to gather data on algal 
oil.121 
In order to estimate the costs for solvent extraction, a current commercial 
process for extraction of vegetable oil was used as the baseline assumption.  As 
shown in the left part of Figure 103, every section of the commercial extractor 
has a drain tray to catch the solvent that has percolated through that section. 
The contents of this tray are then pumped to the top of the extractor and used in 
the next extractor stage.  The right part of Figure 103 shows the study results for 
both Soy and Algae.  The plot shows two parameters, Qf which represents the 
fraction of the oil that remains in the solid at the extractor outlet (i.e., oil lost with 
the solid), and Cu, which is the concentration of oil in the solvent at the reactor 
outlet. The algae solid flow rate through the baseline extractor was varied from 
0.5-50 kg/s.  The solvent becomes saturated at 30% oil content.  This type of 
process was estimated to cost $0.135/US gallon of oil extracted. 
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Figure 103.  Using data obtained in Figure 102, a commercial extraction 
process120 was estimated to cost $0.135/gallon of algae oil.121 
The value of this technique is that it is a proven technology already in use 
and that the solvent is reused for each cycle.  The disadvantage is that the algae 
biomass needs to be dried, which can be a substantial energy cost. 
 
Microwave Assisted Extraction Process – A prototype microwave apparatus for 
oil extraction was assembled under contract (Figure 104.) Preliminary tests with 
dried algal biomass suggest that the microwave-assisted extraction may 
considerably reduce the extraction time and solvent use over conventional 
solvent-based extraction methods.  Next steps would be to conduct quantitative 
and comparative assessments of the microwave-assisted extraction process 
versus conventional solvent extraction methods (see above) with respect to: a) 
quantity of solvent used, b) extraction time per batch, c) the number of batch 
extraction cycles, and d) oil analysis. 
  
-  
Figure 104.  A prototype microwave oil assist extraction process was developed 
to reduce production costs.u 
                                            
u Photo provided by Q. Hu, Tempe, AZ, 2009 
 98
 Ideally, it would be preferable if a harvesting/dewater system could be 
combined with an oil extraction system.  This would eliminate the drying step for 
the biomass, which can be very energy intensive.  One such option might be an 
electroporation device. 
Electroporation – This approach would involve passing the suspended algal 
biomass/water solution between two oppositely charged electrical plates.  The 
electrical potential would disrupt the algae cell’s membrane, resulting in the cell 
spilling its contained oil into the surrounding water.  Once the oil/water mixture 
settles, the lighter weight oil would rise to the surface of the water where it could 
be skimmed off.  A contractor was engaged to study the feasibility of this 
concept, build a prototype, and test the unit with various algae strains.   Figure 
105 shows the concept of the electroporation plates on the left and an actual 
scaled prototype on the right.  
 
 
Figure 105.  Electroporation system was developed that might reduce separation 
and extraction costs122 
The prototype unit was operated with a 6,000 VDC electrical potential and 
a particularly tough algae species (Nanochloropsis oculta) as well as a very oily 
algae strain (Botryococcus braunii) were mixed with deionized water and run 
through the unit.  Figure 106 shows the condition of the Nanochloropsis algae 
cells before (left) and after (right) the electroporation treatment.  The cell walls 
have clearly been visibly disrupted after the treatment.  A fluorescent intensity 
measurement (top) also confirms that the algae cells have been disrupted. 
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 Nannochloroposis oculata Before After Electroporation Treatment
 
Figure 106.  Algal cells show disruption after electroporation process122 
A test was re-run with an improved second generation electroporation 
device that had liquid media (Eshreibers) with higher conductivity in order to 
assess the device’s suitability to operate in liquids that would be similar to that 
found in-service.  Results were very similar to the above. 
Supercritical extraction process – This is a process where a gas (typically 
CO2) is cooled and compressed (~50 bar) to bring the gas to a supercritical state 
where it can then be used to wash oil from a host media.  The CO2 is then 
expanded back into a gas, and the oil remains.  It is a well known approach to 
extracting precious oils.  The diagram in Figure 107 shows such a supercritical 
system for algal biomass. 
http://en.wikipedia.org/wiki/File:SFEschematic.jpg
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Figure 107.  A supercritical oil extraction system can be used to extract algae oil. 
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 The disadvantage of such a system is that bringing the CO2 to supercritical 
state is very energy intensive.  In addition, the pressure vessel where the media 
(algal flakes) are introduced to the supercritical fluid will tend to be expensive 
because of the high pressures involved. Another disadvantage is that the algal 
biomass needs to be thoroughly dried. 
However, others have proposed that a supercritical extraction system could 
be built that used the algal water for the supercritical fluid.  An algal/water 
mixture would be pressurized and heated. After this process, the effluent would 
be depressurized into a holding tank.  The algal biomass would then separate 
from the water and form a paste which would settle on the bottom an 
accumulation tank where it could be easily harvested.  The algal paste could 
then be run through a solvent extraction system to extract the oil.  The operating 
and capital cost of this system was undetermined.  However, due to the high 
pressures and temperatures of the supercritical system, as well as the costs of 
the subsequent solvent extraction process, it is thought that such a system might 
push the ultimate cost of the algal oil beyond reasonable levels for biofuel. 
Algal Growing System Demonstrations 
The construction and operation small scale algae growing systems will help 
in understanding all of the challenges posed by a commercial system.  
Therefore, three projects were investigated.  These included the design, build 
and demonstration of various algal growing systems.  It also included dewatering 
and oil extraction technology demonstrations.  The first demonstration involved a 
contract with a small private company to demonstrate the entire algal growing, 
harvesting and oil extraction process.  The second project was solely a 
collaborative project where a private company would supply algal oil and cost 
data from their already developed demonstration system to Boeing for chemical 
analysis and scale up cost estimates.  The third was collaboration with a large 
commercial electric power company. 
First algal demonstration – This startup company was to evaluate the 
feasibility of growing algal biomass in small scale facilities in Eastern 
Washington, which has sufficient sunlight to address the photosynthetic needs of 
the algal cultures.  Two demonstration sites were undertaken; an abandoned 
agricultural waste water facility in Moxie, WA and an operating coal-fired 
powerplant in Boardman, WA.  Figure 108 shows the Moxie facility.  This facility 
was originally designed to remove excess nutrients contained in agricultural 
wastewater runoff before the water could be discharged into a nearby stream.  
The facility (Figure 108) consists of a small raceway pond with paddle wheel, a 
nutrient-rich source of free water, a lab building and additional land that could be 
used to construct additional raceway ponds.  The lab contains a UV system that 
could be used to assure that invading organisms or species from the agricultural 
water are sterilized prior to introduction into the algae pond.  At this facility, 
several strains of algae were grown in small containers (lower portion of the 
below figure) with waste water and atmospheric CO2 to evaluate the productivity 
of various strains. 
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Figure 108.  An algal biomass demonstration was performed from a 
decommissioned waste water plant.112 
Several local unidentified varieties of algae (i.e. UN1, PF1, PF2, and EG) 
were gathered and grown in these ponds.  In addition, known control specimens, 
such as Chlorella and Ankistrodesmus, were selected and grown in identical 
conditions at the demonstration site.  The results of these field tests were similar 
to the results obtained in the controlled laboratory conditions as was shown in 
Figure 86.   Some of the more promising varieties that were identified at the 
Moxie facility were later grown at the Boardman facility which used flue gas CO2 
to increase the productivity of the algal biomass growth (Figure 88.)  This portion 
of the Boardman demonstration should be complete by mid-2010.  Algae oil was 
extracted and analyzed. 
The second company engaged in this study was a commercial alga grower 
where Boeing and the company would collaborate to evaluate the costs of an 
already built prototype flue gas algal biomass production system.   
The collaborator’s main business for several years has been to grow 
Dunaliella algal for the health food industry.  A Dunaliella bardawil algal growing 
system for production of beta-carotene food supplement was established in the 
1980s. This ten hectare farm uses open raceway ponds, paddle wheel mixers, 
and high-tech harvesting/drying techniques to produce a dry algal biomass 
powder with high natural beta-carotene content for export to the Far East (Figure 
109).   
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Figure 109.  A commercial algae company was engaged to evaluate algal 
biomass growing and processing costs. 
With this experience in hand, a subsidiary company was created in 
collaboration with an electric utility company to build and demonstrate a 0.05 
hectare (0.1 acre) algal growing plant using flue-gas from a coal-burning electric 
power plant to supply the needed CO2. The algal biomass production was about 
25-30 ton/acre-year (~60-70 metric tons of biomass dry weight/hectare-year) 
with a ~25% lipid content.  Algal productivity as well as capital and operating 
costs were scaled up from this operation to assess the economic feasibility of a 
large scale algal oil production system and are discussed in section 4.3.2 of this 
report. 
4.1.7 Biofuel Flight Demonstration 
Four flight demonstrations were performed with various airlines, engine 
companies, biofuels and feedstocks.  In every flight demonstration, no airplane 
performance anomalies were observed.  Figure 110 shows each of the partners 
that were engaged in the flight demonstrations.   
The first flight demonstration was performed on 28 February, 2008 with 
Virgin Atlantic Airways on a Boeing 747-400 aircraft equipped with GE CF6 
engines.  The FAME biofuel was manufactured by Imperium Renewables from a 
coconut oil base.   
The remaining flight demonstrations used a bio-SPK fuel manufactured by 
UOP from various bio-oil sources listed in the below figure.  Air New Zealand 
and JAL flight demonstrations were performed with Boeing 747 aircraft while the 
Continental airways flight was performed with a Boeing 737-800 aircraft. 
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Figure 110.  Worked with several OEMs to flight demonstrate biojet fuel. 
For the VAA flight demonstration, twelve 55 US gallon drums of biojet 
FAME fuel were shipped from the Imperium facility in Seattle (Figure 111) via air 
freight to VAA’s facility at London Heathrow airport and stored in a specially 
arranged, sealed hanger facility (required by airport authority.)   
 
Figure 111.  First flight demonstration used biofuel developed by Imperium 
renewables. 
A 20% FAME biojet/80% Jet-A1 fuel blend was filled via the over wing 
filling port into tank #4 and run in engine #4 on a 45 minute flight from London 
Heathrow airport to Schiphol Amsterdam airport.  Due to the short duration of the 
flight, the maximum cruising altitude reached was 28,000 ft. 
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 The Boeing and the London Heathrow (LHR) refueling teams constructed a 
quality test procedure that should be performed on the biofuel blend prior to the 
ground and flight demonstration as shown in the table below. 
Table 7.  Biofuel blend tests required before VAA flight demonstration 
1) A visual examination of the fuel per Part III of the IATA Guidance Material for Aviation 
Turbine Fuels Specification or Standards For Jet Fuel Quality Control at Airports, ATA 
103; “white bucket test” 
Acceptance: The fuel should have a rating of “Clear and Bright.” A haze is acceptable. 
2) A free water test using one of the tests identified in the IATA or ATA documents (i.e. 
Shell Water detection kit, Velcon Hydrokit, etc.). 
Acceptance: The fuel should have less than 30 ppm of free water. Free water up to 400 
ppm is acceptable. 
3) Freezing point per ASTM D1655. 
Acceptance: The fuel should have a freezing point of -40 C or lower.  However, because 
this is a short flight, freezing point up to -30 C is acceptable. 
4) Flash point per ASTM D1655. 
Acceptance: The fuel should have a flash point of 38 C or greater. Aircraft are approved 
for TS-1 fuel so flash point as low as 28 C is acceptable. 
5) Density per ASTM D1655 
Acceptance: The fuel should have a density between 775 to 840 kg/m3 
Contingency: The above property test results that do not meet minimum requirements or 
are outside the acceptance criteria will be assessed by the onsite Boeing and GE 
representatives with consultation with their company technical people. They have 
ultimate authority to accept or reject the fuel for the flight demo. 
6) Other laboratory fuel testing to be conducted will be to send a fuel sample out for 
laboratory testing per issue 22 of AVIATION FUEL QUALITY REQUIREMENTS FOR 
JOINTLY OPERATED SYSTEMS (AFQRJOS) These are the normal fuel property 
tests conducted by refinery and pipeline companies for release of petroleum jet fuel. 
The specific tests and test methods are identified in AFQRJOS. 
Acceptance: The results from the aboratory tests will not be used in acceptance or 
rejection of the blended biojet fuel and are being taken for documentation purposes 
 
The fuel team at LHR supplied the Jet-A1 fuel, performed the fuel blending, 
conducted standard fuel testing, and refueled the aircraft. Two days before the 
flight demonstration, the 12 drums (approximately 2,350 litres) of neat Imperium 
biofuel were transferred to the fuel tanker (i.e. bouser) and then 2,482 US 
gallons (9,400 litres) of Jet A-1 were added. This was then recirculated to ensure 
a fully mixed 20% biojet/80% Jet A-1 blend (3,104 US Gal or 11,750 litres in 
total.)   Samples of the biofuel/Jet A-1 fuel blend were drawn off by the fuel team 
for retention and analysis. Prior to refueling the aircraft, the tanker underwent 
standard preflight fuel checks and results were:  
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 Test 1 - Visual Test - Clear & Bright = Pass  
Test 2 - Free Water Test = Pass  
Test 3 - Freezing Point - Three samples tested  
      Sample 1 = -32.7 deg C  
      Sample 2 = -32.4 deg C  
      Sample 3 = -32.9 deg C  
            Average   = -32.7 deg C = Pass  
Test 4 - Flash Point = 44 Deg C = Pass  
Test 5 - Density = 814.3kg/m3 @15 deg C = Pass  
 
A full AFQRJOS Check List series of fuel tests was concurrently carried out 
at the fuels laboratory and the full results were available just prior to the flight 
demonstration.   
Although the FAME biojet fuel blend was previously achieving a -52C 
freezepoint in laboratory testing, the fuel blend at the ground test was then 
showing only a -33C freezepoint when using the standard field test procedures.  
This point did not meet standard freezepoint levels of -40C for ASTM D 1655 
Jet-A fuel.  Fortunately, it was previously determined by the Boeing team that for 
the short duration of the demonstration flight, the freezepoint requirement could 
be relaxed to -30C.  The laboratory test results later confirmed the fuel was 
indeed achieving a -51C freezepoint.  This discrepancy of achieving two different 
test results when using two different test methods was also observed in the 
Boeing fuels lab, and so it was determined that this phenomenon was also taking 
place between the BP fuel field tests and the Sunbury laboratory tests.  Thus, 
the fuel was meeting all requirements when using the more laborious fuel test 
methods. 
13,781 lb (6,250 kg) total biofuel blend was loaded into tank #4 for the 
ground tests on the day before the flight demonstration.  After the fuel was 
loaded, manual dipstick readings were taken to verify the fuel quantity with the 
airplane’s Fuel Quantity Indicator System (FQIS).   A discrepancy was then 
found in the FQIS system that was recording an erroneous amount of fuel that 
did not agree with the actual fuel quantity that was loaded into the aircraft.  It was 
determined that the dielectric value for the Imperium FAME fuel, which somehow 
had not been performed on time in the Boeing laboratory testing process, was 
outside the normal range of values for the aircraft fuel indicator system in order 
for it to record the fuel quantity correctly (Figure 112.)  However, as the CF6 
engine does not use this measurement in its fuel metering system, it was 
determined that this out-of-range condition would not adversely affect the 
operation of the engine.   
 
100% US Oil Jet A Kerosene:  
DE @ 60F (+/- 0.0005) = 2.0999  
 
80/20% US Oil Jet A Kerosene / Imperium Biofuel 0379:  
DE @ 60F (+/- 0.0005) = 2.4125 
 
Figure 112.  Dielectric value for the Imperium FAME differed from Jet-A 
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 Aircraft ground tests including rapid engine acceleration to 80% N1 and 
throttle chop, were performed with the biofuel blend and no anomalies were 
found. 
On February 28th, a large contingent of people were assembled in Virgin 
Atlantic’s maintenance hanger to witness the first biofuel flight of a commercial 
airliner.  Over 100 reporters were in attendance and the event drew world-wide 
attention (Figure 113.)  
 
Figure 113.  The first flight demonstration generated a lot of public press which 
enabled follow-on flight demonstrations and biofuel development. 
Richard Branson, CEO of Virgin Atlantic, was in attendance at the flight 
demonstration and seemed to be particularly enthralled with the fact that coconut 
and Babassu oils were used to make the biojet fuel (Figure 114.)  A public 
introduction was made of some of the key members of the biofuel team and a 
short Q&A session followed.  The aircraft was rolled out and the engines were 
started.  During the ground testing, engines #1 and #4 were started on Jet fuel, 
and #4 was then switched over to biofuel.  Thus, during the public display was 
the first time engine #4 was started on the biofuel blend, but it started normally 
and no smoke was observed during the light off. 
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Figure 114.  A B747-400 (top) was used for the 1st flight demonstration with oil 
from the Babassu nut (lower right) to make the biojet fuel which was run in 
engine #4 (lower left) 
The flight was uneventful and all engine indications were normal.  After the 
aircraft landed, the Digital Flight Data Recorder (DFDR) information was 
downloaded for review.  No anomalous recordings were observed.  The fuel flow 
recording was slightly higher than normal, but was expected due to the lower 
heat content of the biojet fuel.  However, the discrepancy could also have been 
within accuracy range of the fuel flow instrument. 
After landing, a 1 gallon sample of fuel was withdrawn from tank #4 and 
sent to Boeing for analysis.  The following after flight procedures were taken: 
- Collect 1 gallon of biofuel from tank #4 
- Drain tank #4 via engine main fuel feed hose 
- Transfer 300 kg of jet fuel to tank #4 to flush lines 
- Drain tank #4 via engine main fuel feed hose 
- Remove engine #4 for teardown and inspection 
- Replace LP & HP fuel filters 
- Perform visual inspection for fuel leaks 
- Perform comparison inspection of fuel tanks #1 and #4 
- Replace fuel tank #4 boost pump. 
- Inspect engine hot section during teardown.  
 
After a visual inspection of the hot section of the engine, it was noted that 
engine wear was normal for an engine with about 30,000 hours and 3,700 
cycles.  
  
After the successful VAA flight demonstration, and the resulting demand by 
other airlines to conduct additional biofuel flight demonstrations, additional staff 
was brought on board the Boeing biofuel team.  Tim Rahmes, from Boeing’s 
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 emissions group, took the lead in performing the follow-on flight demonstrations 
with Air New Zealand, JAL and Continental Airlines.  
 
Three follow-on flight demonstrations (Figure 115) on the UOP bio-SPK 
fuel were performed and no aircraft engine performance issues were noted.  The 
only variables of note were that UOP fuel’s dielectric properties also resulted in a 
slightly skewed reading on the airplane’s FQIS and that the fuel flow readings in 
the aircraft indicated a slightly lower fuel flow reading.  The lower fuel flow 
reading was because the bio-SPK fuel has a higher energy density (more BTU/lb 
fuel) than petroleum jet fuel and so this is to be expected.  The FQIS reading will 
be within tolerance when biofuel ratios of 50/50 or less are used.  For higher 
biofuel ratios, an aircraft software change to the FQIS can resolve the issue. 
 
 
Figure 115.  Subsequent flight demonstrations were led by Tim Rahmes (BCA) 
with Air New Zealand (upper left) Continental (upper right) and JAL (lower)  
More detail about the 3 follow-on flight demonstrations can be found in the 
AIAA paper 2009-7002 (Tim. E. Rahmes, 2009) 
4.2 Sustainability  
In order for a renewable fuel to be considered sustainable, it should be able 
to be produced for an indefinite period without damaging the environment, or 
without depleting a resource.  This involves determining the amount of 
renewable fuel that could be continuously produced, understanding possible 
adverse environmental impacts on the ecosystem by performing a quantitative 
analysis of this impact over the entire life cycle of the biofuel, as well as 
considering a multitude of other social/economic factors such as making sure the 
biofuel doesn’t displace food production123.  A more detailed assessment of all 
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 the issues involved in establishing the sustainability of biofuels is addressed by 
the “Roundtable on Sustainable Biofuels”124, the AFRL “rules & tools” guidance 
document125 as well as others who are involved in the LCA community.126 
4.2.1 Availability 
One of the most important factors to consider in the scale-up of commercial 
biojet fuel production is the amount of bio-oil that can be produced from 
feedstocks without adversely impacting fresh water supplies, productive 
farmland or food production.   
The US and Brazil are the two largest producers of biofuel (Figure 116.)  In 
the US, ethanol is able to supply 2.85% of the gasoline needs while biodiesel 
supplies 0.21% of the diesel market needs30.   
 
Figure 116.  The US and Brazil are the largest producers of biofuels. 
Unfortunately, many countries would be unable to grow sufficient fuel 
feedstock to produce enough biofuel to supply the country’s energy needs.  
When considering the present first-generation feedstocks (e.g. soy) that are 
typically grown on farmland, biofuels are not capable of supplying a large 
percentage of fuel without displacing human food production123. Thus, 
conventional feedstocks such as soybeans and rapeseed may limit the scale up 
of biojet fuel127. For example, in 2004, the US commercial aircraft fleet used 
~13.6B US gallons (51.5B Litres) of jet fuel.  The use of a 15% biojet and 85% 
Jet-A blend in the U.S. domestic commercial aircraft fleet would have required 
more than 2.04B US gallons (7.7B litres) of biojet fuel. Considering that soy’s 
yield is about 40 bushel/acre128 @ 1.5 gal bio-fuel/bushel or 60 gal/acre, the 
production of this amount of fuel would require 34 million acres (13.8M hectares) 
of land, which is about the size of the state of Florida or 10% of all agricultural 
farmland available in the US (349M acres.) A similar situation exists in other 
parts of the world where energy demands by far outstrip the ability to produce 
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 the required amount of biofeedstock129.  Thus, other feedstocks will need to be 
considered. 
One promising next generation feedstock is algal biomass which has been 
evaluated by the US DOE. The peak output from this feedstock was projected 
under laboratory conditions to produce up to 12.6k gallons/acre/year of 
bioderived oil.130 Although the theoretical maximum is 38k gal/ac/yr (354,000 
ltr/ha/yr), more typical field cases range from 4.4k–5.7k gal/ac/yr (40,700–53,200 
ltr/ha/yr) of unrefined oil.131 Commercial mass production in open ponds may 
more likely be in the neighborhood of 2k gal/ac/yr, which is about 33 times more 
oil than a crop of soybeans.   
In 2004, the world’s commercial aviation fleet used 85B gallons (322B 
Litres) of jet fuel.  At 60 gallons/acre yield of soy, 1,421M acres (575M hectares 
or 5.75 million sq km) of land would be required to grow that much bio-oil, which 
is about the size of Europe.  Assuming a future optimistic algal oil yield of 10K 
gal/ac/yr (94,000 ltr/ha/yr), a land area of 8.46M acres (34,250 sq km or 3.4 
million hectares) would be required … about the size of Belgium or Amsterdam 
(Figure 117.) 
 
= 322 billion litres of biojet fuel(85 billion gallons)
Algae
94,000 ltr/hectare
Soybeans
560 ltr/hectare
 
Figure 117.  To provide the world’s commercial aviation fleet with biofuel in 2004, 
would require an area the size of Europe if soy was used, but only the size of 
Belgium if algae was used. 
Every region throughout the world will have specific solutions tailored to 
their climate, land and resource availability.  
For a few counties that have lower oil demand and more arable land, such 
as Brazil, the answer could be different. The United States uses about 9.5 times 
more oil than Brazil, a country about the size of US and with 1/3 the arable land. 
Since the last energy crisis of the early 80’s, Brazil has emphasized ethanol fuel 
development.  By using 26% of their arable land to grow sugarcane (at 4.33 
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 tones/hectare) for ethanol, Brazil has the bio-potential to produce all their motor-
fuel needs, as shown in Figure 118. Using nearly 2.1M bbl/day of oil, with a total 
annual energy use of 9.8 Quad, Brazil also has the bio-potential to become 
energy independent and the first to become CO2 neutral.  
 
Figure 118. Brazil has sufficient arable land to meet ethanol-motor-fuel 
replacement demands. 
Another sustainable solution that could be applied to biodiesel or biojet fuel 
production might be to harvest oilseed nuts obtained from castor plants or the 
native Brazilian palm tree called “Babassu.”  The Babassu tree grows best in 
native agricultural settings in South America but is much less productive when 
placed in monoculture, mass production systems.132  Therefore, it is conceivable 
that commercialization of these trees in native settings could actually prevent 
deforestation.  For lands that have already experienced deforestation to create 
grazing land or farm land, the agricultural productivity of these soils tends to be 
poor and so they can sustain farm production only for a few years.  These 
unproductive lands could be returned to productive use by planting Castor (or 
Jatropha) to prevent soil erosion, enhance soil condition by returning organic 
material, and provides income to local farmers. 
Although a few countries, such as Ukraine, Africa and Brazil, have 
relatively low oil demands and large amounts of arable land, most industrialized 
countries would be able to replace only a small percentage of their oil needs with 
biofuels derived from first generation feedstocks.   
Land use changes from native settings can have drastic adverse 
environmental impacts.  Making additional land available to produce biomass for 
biojet fuel must not result in a negative environmental impact if it is to be 
considered environmentally “sustainable.” 
4.2.2 Environmental Factors  For a long-term energy solution, a fuel should be 
renewable and sustainable. Fuels generated from a renewable energy source, 
such as solar, wind, or hydroelectric, are considered sustainable.  Biofuels that 
are derived from plants may be considered sustainable if a sufficient quantity of 
crops can be continuously grown to support the demand for fuel133.  Synthetic 
fuels derived from nonrenewable energy sources, such as coal or natural gas, 
are not considered sustainable.  Global warming issues with synthetic fuel would 
ultimately also make it unsustainable.  Depending on land use changes and land 
availability, biofuels that are produced from first generation feedstocks ultimately 
will be unsustainable on a large scale. 
A recent trend has been to develop soybean crops as feedstock for oil-
based biofuels. Even if this feedstock were not edible, land use changes to 
produce additional farmland for soy can have a devastating environmental effect.  
For example, in order to create sufficient farm land capacities, deforestation, 
using slash-and-burn practices, can take an extreme environmental toll. The 
resulting CO2 emissions from deforestation are anticipated to exacerbate global 
warming issues. Thus, great care has to be taken to assure that biofeedstocks 
are sustainable and will not cause new anthropogenic issues through 
deforestation as shown in Figure 119.   
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Slash and burn deforestation
Global CO2 emissions that cause 
global warming
Source:  www.Nature.org, 2007
Petroleum
31%
Natural Gas
15%
Coal
26%
Deforestation
25%
Other
3%
 
Figure 119.  Biofuels must not encourage deforestation as this is a major 
contributor to global warming. 
Although Brazil has great potential to become a major biomass producer, it 
is also facing a huge challenge in that it is experiencing the highest amount of 
deforestation in the world (Figure 120.)   
*Although mostly 
due to cattle 
ranching in Brazil
*
 
Figure 120.  Deforestation is a continuing problem, especially in Brazil and 
Indonesia134 
Much of the illegal deforestation in Brazil is occurring in the inland portion 
of the country that is effectively unpoliced and difficult to monitor.  The highest 
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 rate of deforestation is occurring in the state of Mato Grosso, which has a 
preferable climate for grazing land and farming over the wetter Amazon region.  
Figure 121 shows the ratio of land that has been deforested.  By 2007, 
approximately 224,000 square kilometers of land had been deforested in the 
Northwest part of Brazil alone. 
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Figure 121.  In Brazil, the states of Mato Grosso and Para are the areas of 
highest deforestation, not the Amazon as is widely believed.135 
The four flight demonstrations that were performed on biofuel to 
demonstrate reduced greenhouse gas emissions underscores the importance 
the airline industry is placing on the environmental impact of global climate 
change.  Therefore, it is imperative that increases in biomass production, to 
satisfy aviation needs, not encourage further deforestation.  This could offset, 
and indeed create a worse situation, for the environmental benefits of biofuels.  
A methodical study of the environmental impacts, over the entire life cycle of the 
biofuel production process, will provide an informed assessment of any 
environmental benefits that biofuels have to offer. 
4.2.3 Life Cycle Assessment (LCA)  
A LCA study is a systematic set of procedures for compiling and examining 
the inputs and outputs of materials and energy and the associated environmental 
impacts directly attributable to the functioning of a product or service system 
throughout its life cycle136.  For aircraft alternate fuels, we will operate on the 
assumption that it is the life-cycle evaluation of the greenhouse gas emissions of 
transportation fuels, which means assessing all emissions from the farmer’s field 
to the aircraft’s fuel tank and from tank to the turbine engine’s exhaust. This 
scope of emission assessment is frequently referred to as a “well-to-wheels”, or 
in the case of aviation, a “well-to-wake” analysis.  
The LCA can be thought of as falling into three levels, listed in order of 
decreasing level of comprehensiveness, data quality, level of effort requirement, 
and confidence in analysis results137.  Typically, the degree of resolution for 
analysis falls into three levels:  
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 Level I - Comprehensive 
Level II - Standard 
Level III - Screening 
 
There is some variability in LCA methodology and terminology, but the 
most widely accepted definition has been laid out by the International Standards 
Organization (ISO 14000) series of standards138 that includes: 
Step 1: Determine the goal and scope of the assessment.  
Step 2: Develop an inventory of the greenhouse gas emissions throughout 
the life cycle system. 
Step 3: Assess the climate change impacts of the life cycle inventory. 
Step 4: Interpret the LCA results. 
The National Research Council (NRC) in 2007 recommended that the LCA 
model development, documentation, and evaluation processes include:  
• Peer reviews 
• Communication of model uncertainty 
• The effective integration of models and measurements 
• Retrospective analyses of models 
• Assessment of the balance between the levels of detail incorporated into 
models and the ability to evaluate the performance of these model 
features (model parsimony) 
• Overall model management. 
 
LCA studies are becoming much more important in the selection of 
alternative fuels.  Section 526 of the US Energy Independence and Security 
Act139 (EISA) of 2007, states that that: 
No Federal agency shall enter into a contract for procurement of an alternative or 
synthetic fuel, including a fuel produced from nonconventional petroleum sources, for any 
mobility-related use, other than for research or testing, unless the contract specifies that the 
lifecycle greenhouse gas emissions associated with the production and combustion of the fuel 
supplied under the contract must, on an ongoing basis, be less than or equal to such emissions 
from the equivalent conventional fuel produced from conventional petroleum sources. 
To meet the specific requirements for aviation fuels, Life Cycle 
Assessments for both a baseline petroleum Jet-A fuel and the alternative 
biofuels were developed by subcontractors and collaborators for the various 
feedstocks shown in Figure 122.  Collaborative work was also engaged with one 
University to perform a level 2 LCA assessment of many types of alternate fuels.  
Boeing supplied algae feedstock information from other contractors to that 
University. 
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Figure 122.  Several Universities were engaged to support biojet fuel LCA 
studies 
All of the LCA studies commissioned by Boeing compared the Green 
House Gas (GHG) generated over the life cycle from a bio-fuel against a 
conventional fossil fuel derived Jet fuel.  Figure 123 illustrates the major steps 
involved in the analysis.   
Fertilizer, H2O, CO2
 
Figure 123.  Some typical LCA biofuel pathways to consider140 
Three of the most significant impacts that were found in the study was that 
of land use changes, followed by N2O (Nitrous Oxide) emissions from fertilizers, 
and water use.  Namely, as was discussed previously, the CO2 generated from 
deforestation to create farmland to grow the feedstock will greatly outweigh any 
environmental benefits to be gained from biofuel use.  Another large impact is 
that of applying nitrogen-containing fertilizer to the feedstock.  Fertilizers tend to 
outgas nitrous oxide.  Nitrogen compounds tend to combine with hydrocarbon 
compounds and with the addition of sunlight, a resultant formation of ozone-
containing smog will be generated in the troposphere which acts as a global 
warming agent.  Although NO2 environmental impact is relatively short lived (on 
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 the order of a week) as compared to CO2 (on the order of 100 years) it is a much 
more potent gas.  Figure 124 shows that the Global Warming Potential (GWP) of 
nitrous oxide is 298 times worse than CO2 over the period of 100 years.   
298Nitrous oxide
25Methane
1Carbon dioxide
GWP over 100 yearsGreenhouse Gas
 
Figure 124.  Other gaseous emissions, such as Methane and N2O, also lead to 
global warming and are included in LCAs.141 
Using feedstock that does not require nitrogen fertilizers would be 
preferable, but its use is mandatory in agricultural feedstocks if acceptable 
productivity is to be gained, and so these emissions need to be accounted for in 
the life cycle.  One of the most common LCA tools used in the industry, and is a 
standard in the US government, is the GREET (Greenhouse Gases, Regulated 
Emissions, and Energy Use in Transportation) LCA model142.  This tool was 
used in most of the LCA studies in this study. 
For the level 3 (screening) algal-derived biojet fuel, an attributional 
assessment was performed in addition to a consequential assessment.  The 
attributional results assess just the GHG emissions generated from the algal-
biofuel process itself.  The consequential LCA takes the evaluation a step further 
and evaluates the implications to other systems.  One example might be the 
effect of using massive amounts of fresh water to grow algal biomass.  This 
would cause a water shortage which might result in the construction of 
desalination plants which would use electrical power which would produce more 
CO2 emissions.   
In the alga LCA study it was found that the selection of optimal water and 
CO2 sources can swing a negative environmental result to a positive one.  The 
method of algal biomass processing will also have a large impact, as well as the 
process used to convert the algal oil into biojet fuel.  Figure 125 shows the 
attributional LCA of an algal-based biojet fuel to be on the order of 66 kg of CO2 
produced per mmBTU of fuel produced.  However, depending on the 
consequential impacts to other systems, that value can be as low as a 165kg 
savings, or as high as a 585kg contribution of CO2 per mmBTU of fuel produced.  
As algae technology is still rather immature, there are large uncertainties in 
these estimates.  The most important findings were that fresh water must not be 
used to grow algae, that land use changes are secondary to water issues, and 
that waste CO2 (e.g. flue gas) should be used to grow the algal biomass. 
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 Attributional LCA and Consequential LCA (min & max) per 1 mmBTU of fuel 
Figure 125.  A wide range of CO2 emissions from algae-based biojet fuel could 
be expected, depending on the oil and fuel production processes used.143 
One University conducted a level 2 (standard) LCA of conventional fossil-
based jet fuels as well as F-T fossil fuels, and bio-SPK fuels derived from many 
sources (Figure 126.)  The most important finding in this work was that land use 
changes have a significant impact on the environmental performance of biofuels.  
Several land use change scenarios were evaluated for soy, palm, Salicornia and 
F-T biomass derived fuels.  For example, in the case of palm oil derived biofuel, 
it could have the worst environmental performance of any fuel if it resulted in the 
conversion of tropical rainforests, or nearly the best environmental performance 
if no land use changes occurred.  Some land use changes would actually be 
beneficial.  In the case of Salicornia, conversion of desert lands into a farmland 
could help reduce global warming impacts and provide the lowest carbon 
footprint of any fuel evaluated.  
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 Soy HRJ Pathway Scenarios
LUC-S0 No land use change
LUC-S1 Grassland conversion to 
soybean field
LUC-S2 World wide conversion of 
non-cropland (Searchinger)
LUC-S3 Tropical rainforest 
conversion to soybean field
Palm HRJ Pathway Scenarios
LUC-P0 No land use change
LUC-P1 Logged over forest 
conversion to palm 
plantation
LUC-P2 Tropical rainforest 
conversion to palm 
plantation
LUC-P3 Peatland rainforest 
conversion to palm 
plantation
Salicornia SPK Pathway Scenarios
LUC-H0 No land use change
LUC-H1 Desert converted to 
salicornia cultivation
F-T Biomass Type (BTL and CBTL)
BTL Waste Corn Stover
CBTL Waste Corn Stover
 
Figure 126.  One University interacted with other contractors to perform a multi-
feedstock LCA for biojet fuels.144 
Boeing also used the standard GREET model, with its default values, to 
validate the above findings.  Figure 127 shows agreement with the other models 
in that biojet fuels have the potential to achieve a lower carbon footprint than 
petroleum Jet-A fuel, and that F-T fuels derived from fossil fuels (esp. coal) will 
have higher carbon footprints than Jet-A fuel. 
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Figure 127.  An internal analysis of biojet fuel yielded similar trends as was seen 
in the multi-feedstock LCA145 
One of the factors not usually considered in an LCA is the efficiency of use 
of the biomass, which should be a consideration in the scale up of biofuels.  For 
instance, Figure 126 and Figure 127 show that Biomass To Liquid (BTL) fuels 
have one of the lowest carbon footprints of all biofuels.  However, this 
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 conversion process is very energy intensive and so would require massive 
amounts of biomass.  Due to limited availability of biomass, this process would 
not enable a large scale up of biofuels, and would otherwise be wasteful.  
Therefore, the efficient conversion of biomass into biofuels, or the energy 
balance, needs to be considered. 
4.2.4 Energy balance of biofuels 
There is a need to consider the energy obtained from using the biofuel 
versus that needed to grow and convert the feedstock product.  For example, a 
few researchers argue that ethanol production from corn takes more energy to 
grow and process than is contained in the fuel itself146.  Namely, corn based 
ethanol has a negative energy balance.  However, others say that when using 
modern growing and processing methods, ethanol biofuel will result in a positive 
energy balance147,148.  In the future, it appears that using genome processing 
methods to make cellulosic-based ethanol may result in even more of a positive 
energy balance.   
The same arguments apply to oil-based biofuels.  Bio-diesel fuel may have 
the capability to achieve an even higher energy balance than corn-based 
ethanol, on the order of 2-3 times the amount of energy input149, but this needs 
to be balanced against the poorer crop yield per acre.  An energy balance 
analysis was performed to evaluate the energy balance of biojet fuel.   Using the 
standard inputs available within the GREET model, Figure 128 shows that soy-
based biojet fuel would provide roughly 2.4 times the energy output as would be 
put into the growing, harvesting and processing of the biofuel.  However, 
because of the energy intensive processing needed for BTL fuels, Figure 128 
shows that more energy is required to make a F-T fuel from biomass than is 
contained in the resulting liquid biofuel.  It has an energy balance of 0.84 for 
energy out/energy in. 
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Results sensitive to biomass source, co-generation, and other efficiency assumptions (ongoing research and analysis)
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Figure 128.  Biojet fuel is thought to be much more of an energy efficient process 
than other alternative fuels.145 
The energy required to grow and process the feedstock will vary greatly 
depending on the source of the feedstock and how close the chemical makeup 
of the bio-oil is to biojet fuel.  Figure 129 shows the CO2 emissions, which are 
directly related to energy input, for the cultivation, oil production, oil 
transportation, and fuel processing of biodiesel and green diesel, which is 
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 essentially the same as HVO biojet fuel.  As most CO2 is produced during the 
cultivation phase of biofuel, fuels that rely on waste products for the bio-oil, such 
as tallow, would have very low carbon footprint.   
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Figure 129.  Processing energy of biojet fuel will vary depending on the 
feedstock150 
Ignoring the massive capital cost challenges of a Coal Biomass To Liquid 
(CBTL) processing facility; this fuel may have the possibility to become a 
candidate for alternative fuel in the future.  It has been reported that it only has a 
slightly higher carbon footprint than algal based biojet fuel (Figure 126) and has 
a relatively low biomass requirement of 0.09 kg per MJ of fuel produced (Figure 
130.)  A feedstock such as switchgrass has been shown to produce enough 
material to make up to 1,000 U.S. gallons of ethanol per acre, dependant upon 
ambient temperature, irrigation, and fertilizer application151.  If the ground 
transportation sector moves away from IC engines that operate on 
gasoline/ethanol blends, the corn stover and switchgrass feedstocks used to 
make ethanol might then become a good feedstock for CBTL or synthetic biology 
processes to produce alternate jet fuels. 
Figure 130 shows that algal-based biojet fuel has the highest potential 
production of 24,265 ltr/ha/yr and has the lowest biomass needed per MJ of 
biofuel produced.   
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Figure 130.  HVO using algae oil appears to be the most efficient feedstock and 
process to make biojet fuel.152 
Considering all of the sustainability, environmental and energy efficiency 
factors, it appears as though algal based biojet fuel offers the best all around 
solution in the near future to produce massive amounts of biojet fuel.   
4.3 Cost/Benefit analysis of biojet fuel 
At today’s crude oil prices, biofuels are starting to become cost competitive. 
Crude oil prices have fluctuated dramatically in the past few years, and with it 
diesel fuel and jet fuel prices have also fluctuated155.  The present biodiesel 
supply chain is relatively inelastic, and so when fuel prices recently escalated, 
biofuels also escalated because of increased demand and inability to rapidly 
increase supply. 
 
Figure 131.  Biofuel price trends have followed fossil fuel prices153 
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 As biofuel/biodiesel demand increased, this put a strain on the supply of 
the relatively fixed feedstock supply and so these prices also increased across 
the board (Figure 132.) 
 
Figure 132.  As demand for biofuels increase with crude oil prices, feedstock 
prices closely follow fossil fuel price trends153 
During the recent run up in biodiesel demand during 2007/08, a significant 
increase in refining capacity was added without a corresponding increase in 
feedstock supply and production (Figure 133.)  Therefore, when the price of 
crude oil fell, the demand for the higher priced biofuel fell, and the over capacity 
of the biodiesel market forced many biofuel suppliers into bankruptcy. 
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Figure 133.  Biodiesel capacity has outstripped production.154  
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 This retraction of the biodiesel market should serve as good experience for 
the potential biojet fuel market.  Namely, biojet feedstocks need to be 
systematically ramped up so that will be cost competitive with jet fuel prices, and 
at the same time match biojet fuel production capacity. 
4.3.1 Biojet fuel cost estimate 
The feedstock cost of biofuel is typically the largest single component of 
production costs, followed by fuel processing costs. 
Biodiesel transesterification process costs:  It is valuable to know the costs of the 
biodiesel production process, because it uses the same feedstock as biojet fuel 
and can therefore be considered a competing industry to biojet fuel.  If biodiesel 
could be made for much less than biojet fuel, it could effectively limit the scale up 
of biojet fuel production because biodiesel would use up all the available 
feedstock. 
  For the biodiesel transesterification process, it is estimated that for each gallon, 
0.083 kilowatt-hours of electricity and 38,300 BTU of natural gas are used in its 
production.155 EIA estimates energy costs of 18 cents per gallon in 2004 and 16 
cents per gallon in 2005 and 2006.156  
NREL provided estimates of other biodiesel production costs.  Based on 
transesterification of oil with methyl alcohol catalyzed by sodium hydroxide, 
operating expenses were estimated at 31 cents per gallon (in 2002), excluding 
the cost of the oil or grease and energy155. 
The EIA estimates that the capital costs of a new biodiesel plant would 
amount to $1.04 per annual gallon of capacity. EIA assumes that the plant is 
financed by equity with an annualized return of 10 percent over 15 years. 
Treating the hypothetical income stream as an annuity over 15 years, the 
estimated capital cost is $1.36 million per year, or 13.6 cents per gallon (in 2002) 
at full output. 
Adjusting the above costs by the Consumer Price Index (CPI) to 2009 
provides a biodiesel processing cost of $0.789 per US gallon.  This does not 
include the glycerol, which can either cost the biodiesel plant to dispose of, or 
may provide some cost offset if it is used for power generation or in other 
industrial processes.  This cost will be used for comparison with the biojet 
hydrotreating process discussed next. 
Bio-SPK fuel processing cost estimates:  The four major cost factors to 
consider in hydrotreating bio-oil are: 1) Bio-oil cost, 2) Capital cost, 3) Hydrogen 
cost, and 4) Relative product value.  
The cost of capital is significant for this high-pressure, high-temperature 
HVO process.  Therefore the processing volume is a critical factor to optimize in 
order to reduce the capital cost per unit processed. 
Hydrogen that is consumed in the HVO process is a significant cost. It 
typically can be generated by steam reforming from byproduct gases. To 
minimize the cost of the reforming systems and the cost of procured hydrogen, 
the hydrogen consumption should be efficiently focused on the reactions which 
provide the product properties of importance, that is, the removal of oxygen 
atoms and other undesirable contaminants.   
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 For a 100K bbl/day hydrotreating facility, total capital costs in 1981 ranged 
from $527.9 million for the Sun Tech-HRI process for severe hydrorefining, to  
$691.2 million for another case that incorporated a gas oil hydrocracker157.  This 
equates to $1,125 to $1,642 million in 2009 dollars.  Neste oil estimates 
$43,000/bbl/day capital costs, or $4,300 million for a 100K bbl/day facility158 
which is about 3 times higher than the previous estimates in 1981. Still, UOP 
estimates that capital costs for a 2K bbl/day transesterification biodiesel facility 
would be higher than for a similarly sized HVO facility (Figure 134.)  It is 
unknown how the capital costs scale with the facility size, but the UOP estimate 
is significantly less than those estimated by Neste and the earlier studies (H.E. 
Reif, 1981.) 
 
Figure 134.  UOP claims that a biodiesel facility capital costs would be higher 
than for a HVO facility159. 
Averaging the capital costs from the above 4 sources provides a cost of 
about $2B for a 100K/bbl/day facility (excluding the low UOP value brings it to 
$2.4B).  Using the same amortized capital cost variable as the previous 
transesterification capital cost analysis (i.e. 10% over 15 years) brings the capital 
cost of a $2B HVO facility to $257M per year or about $0.21/gallon (for 300 
days/year operation) which is lower than the $0.79/gallon cost estimated for a 
biodiesel facility.  The range could be as low as $0.054/gallon, using the Sun-
Tech data, to as high as $0.44/gallon using the Neste estimate.  Despite the cost 
variation, the trend of a lower capital cost/gallon for a HVO facility versus a 
biodiesel facility agrees with that presented in Figure 134. 
Depending on the price of hydrogen, UOP estimates operating costs of a 
hydrotreating unit to be $0.012 to $0.024 per gallon of product.160  This is not too 
far from the costs estimated from other sources stating that severe hydrotreating 
of diesel fuel costs around $0.037 per gallon161. 
 
4.3.2 Estimated feedstock prices 
The cost of the bio-oil is typically the largest component in the production 
costs of biofuel.  Therefore, the following section is devoted to these costs. 
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 Tallow - One of the lowest cost feedstocks presently is yellow grease 
(Figure 132,) but its supply is limited, and it has other uses than fuel.  For 
example, yellow grease is used as an animal feed additive and in the production 
of soaps and detergents. From 1993 to 1998, the average supply of yellow 
grease in the US was 2.633 billion pounds; enough to make 344 million gallons 
(22,440 bbl/day) of biodiesel.25 However, EIA estimates that competing uses 
would limit biodiesel production from yellow grease to 100 million gallons per 
year (6,523 bbl/day).162  For this reason, tallow is not considered a viable 
candidate to scale up to the massive quantities of biojet fuel needed in the 
future. 
Camelina -  Although Camelina sativa is an ancient crop, there was less 
independent cost information available, and so cost estimation is an area that 
could be further validated.  However, one commercial entity claims that 
Camelina could be produced at $.40-$.70 per US gallon less than soybean & 
palm oil.163  The Montana State University (MSU) Agricultural Research Center 
conducted a multi-year, multi-species oilseed trial of nine different oilseed crops 
(sunflower, safflower, soybean, rapeseed, mustard, flax, crambe, canola, and 
Camelina) and found that Camelina was very promising. Evaluation criteria 
included: input costs, production costs, harvest costs, and yield. Camelina was 
found to not always provide the highest yielding oilseed crop but, because it 
required minimal inputs, it was the most economical crop to produce.164  It was 
estimated that oil costs would be in the $2.00/US gallon range.165.  Other studies 
also suggest that the production cost for Camelina oil may be substantially lower 
than many other oil crops such as rapeseed, corn, and soybean.166 As shown in 
Figure 135, an EU commissioned report also estimated that bio-oil from 
Camelina would be less expensive to produce than rapeseed oil. 
 
Figure 135.  Camelina oil is estimated to cost less to produce than rapeseed oil 
in Ireland.167 
As tallow, and other attractive near term crops such as Camelina, would 
only be able to supply a small amount of the needed biofuel, many other low cost 
feedstocks will be needed around the world.  
Other Oil Seed Crops - For several other oilseed crops, the estimated 
plantation costs, in US dollars per hectare and US $ per kg and gallon of oil, are 
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 illustrated in Table 8 for several edible and non-edible crops.  The difference in 
the plantation cost is due to different operating costs required during the 
plantation process, such as cost of tilling, fertilizers and insecticides. Except for 
palm oil, the cost of these plantation crops, in terms of $ per kg oil, the non-
edible oil crops are lower in cost than the edible oil crops. High requirements on 
soil nutrient and irrigation system during the cultivation of edible oil crops lead to 
cost.  For Jatropha, the high costs are due to the lack of automated harvesting 
processes.  In the case of palm oil, the low cost is achievable because of the 
high oil yield of the plant.  This allows palm oil to be cost competitive with 
petroleum. The low costs for Castor and Pongamia are because these two crops 
require minimal fertilizer and irrigation. 
Table 8.  Plantation costs of several oil crops 168 
Oil crops Plantation cost 
 (US $/ha) 
(US $/kg oil) (US $/gal 
oil) 
Non-edible oil 
Jatropha 620 0.39 6.86 
Castor 140–160 0.12–0.14 2.12 - 2.46 
Pongamia pinnata 310 0.25 4.40 
Sea mango (estimated) 360–690 N/A N/A 
Edible oil 
Soybeanv 615 0.24 4.17 
Palm (estimated) 950 0.19 3.34 
Rapeseed 336 0.34 5.98 
Castor was identified as one of the potentially lowest cost feedstocks that 
are currently available (Guia, 2008.)  This is predicated on the use of modern 
farming practices.  One contractor was engaged to provide a further detailed 
cost breakdown of this crop.  In areas with approximately 450-550 mm rainfall, 
improved castor varieties are expected to yield 4.5-5 ton seeds/ha. Such plant’s 
oil productivity represents production costs of $350 per ton of oil, or $1.30 per 
US gallon. 
Halophyte cost estimate – Cost estimates for this feedstock were not 
produced as some of the feedstocks, such as Euphorbia Tirucalli, were so 
immature that it was impossible to determine the cost of useable hydrocarbons 
(if any) from these plants.  Other plants, such as Salicornia, lacked hard, 
quantifiable support data that could be used to form a cost estimate. 
Algae oil cost estimate – As algal biomass production is one of the most 
promising long term feedstocks for biofuel, an estimate was conducted of the 
                                            
v Soy was re-calculated from original document using 60 gal/acre yields.  US $/gallon cost was 
calculated using a common 7.98 lb/gal oil density. 
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 possible costs that would be associated with a large scale commercial algae 
farm.   
Current techniques of growing and harvesting high-value food-grade algae 
are not economically viable for algal fuel production.  Assuming that R&D 
hurdles are solved (e.g. ability to stably cultivate selected algal strains at high 
productivity with high-oil content, harvesting by self-flocculating algae strains, 
simple oil extraction, etc.), it is possible to arrive at algal oil production costs that 
could be competitive with crude petroleum costs similar to recent (mid-2008) 
high crude oil prices.  Figure 136 presents such a scenario based on 
extrapolating cost data from prototype algal plants to a very large-scale system, 
as well as data obtained from prior techno-economic studies.169,170  Figure 136 
illustrates the design assumptions necessary to project such low oils costs, 
including  scaling to a 1,000 hectare system to achieve maximum economies of 
scale, relatively low labor inputs (one person per 8 hectares), and many 
favorable site specific assumptions, as well as an average (over 330 days per 
year) productivity of 25 grams/square meter per day of biomass with a 35% lipid 
content. Although challenging, these are not unreasonable goals given sufficient 
research gains are achieved. 
 Assumptions:
• 1000 hectares, open ponds, 90%utilization/yr
• Algae yield: 25 g/m2/day, 35% lipid
• Staff: 1 person/8 hectares, $50K/person/yr
• Electricity: $0.125/kwH, 3.6 kwH/hectare
• Seawater: $0.01/m3, 300 m3/hectare/day
• Freshwater: $0.20/m3, 2.0 m3/hectare/day
• Wastewater: free, 16.9 m3/hectare/day
• CO2: free (pumping costs are included in electricity usage)
• Nutrients: derived from waste water, flue gas & recycled
• Co-product value: $100/ton (for methane & power generation)
• Cap cost: $10/m2 (ponds, extraction, digester & support equip)
• Finance: 9% interest, 30 year loan, 5%/yr depreciation
 Estimated costs:
• Labor: $  6.25M/yr
• Electricity: $  3.65M/yr
• Water: $  0.99M/year
• Tax, insurance, maintenance & supplies: $  6.00M/yr
• Interest & depreciation: $ 14.00M/yr
• Byproduct credit: $<5.40M/yr>
• Total Plant Operating Cost $25.5M/yr
• Algae cost: $3.69/gallon  
Figure 136.  Future high production algae oil costs are estimated at $3.69/US 
gallon for an algal system that produces 3,400 gal/acre/yr 
In present algae growing systems, purchased CO2 and nutrients are major 
operating expenses that would escalate algae oil costs beyond viability for fuel.  
Therefore, CO2 is assumed to be supplied free of charge from an industrial 
emitter while nutrients are obtained at no cost via recycling and utilization of 
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 municipal wastewaters, animal wastes or similar.   Such systems might even 
receive income from using these waste products, saving the cost of alternative 
treatment, and thus lower the cost of the algae oil, but this is not included in the 
present scenario as it would both restrict the location and scale of such a 
system.   
Another major assumption is that the algae would be harvested by a low 
cost harvesting method, such as spontaneous flocculation-settling mechanism 
(“bioflocculation”), but its application to specific algal species remains to be 
demonstrated.   
A third important assumption is the beneficial use of by-products.  In this 
model, it is assumed that the residue of the algae biomass after oil extraction 
(65% of dry weight) is fed into low cost anaerobic digesters to produce methane 
fuel, which would then be burned to generate electricity, with the residual 
nutrients recycled back to the algal growth ponds.  This is likely the most direct 
approach to economically utilize the residual biomass as it would make such a 
system independent of external electricity supplies and would allow for the 
export of electric power.  
Perhaps the most important assumption is that the capital costs for such a 
1,000 ha plant would be $100 million, or $100,000 per hectare.  Although the 
pond cost is estimated to be in the $3.50/m2 range, the overall capital cost 
approaches $10.00/m2 when including the harvesting, dewatering, oil extraction 
and anaerobic digesting systems.  It should be noted that these costs are for 
simple clay-lined ponds (assuming nearby available clay or clay soils) as any 
plastic lining would nearly double the pond cost.  As a rough estimate, the 
annual capital charge is estimated at 14% of capital costs (including cost of 
capital and depreciation).  
A credit of $100/ton of biomass is estimated from the methane by-product 
that is used to generate electric power.  The algal oil is extracted (but is not 
further processed) using a three-phase centrifuge separation process171.  Pre-
processing of the algae may be required in some cases, but will be species 
specific.  The final cost of algae the oil is estimated at about $3.69 per gallon (i.e. 
$155/barrel oil equivalent.)  It is plausible that the additional fuel processing 
costs to convert the crude algal bio-oil into biojet fuel will be offset by the carbon 
credits resulting from using a carbon neutral fuel.  Clearly, this is a very high 
level analysis as the technology is too immature to predict else wise, but it 
serves to both point to the potential of this technology and the R&D needed to 
achieve such process economics, as will be discussed in a latter “R&D needs” 
section of the report. 
4.3.3 Total Estimated Biojet Fuel Costs 
The major variables that were identified to influence the cost of biojet fuel 
were: transportation, fuel processing and bio-oil production. 
UOP quotes a transportation charge of $2 per barrel was assumed for 
biofeedstocks in their cost analysis of biofuels.  This is based on typical rail 
transportation costs for grease and oils172.   
Fuel processing was discussed in section 4.3.1.  The capital and operating 
costs per gallon ranged from an estimated low of $0.17/gallon to a high of 
$0.81/gal. 
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 The cost of the bio-oil was discussed in section 4.3.2.  The lowest cost 
feedstock was estimated at $2.24/gallon for Castor.  Of the more promising 
feedstock candidates considered in this report (i.e. Tallow, Castor, Camelina & 
Algae) the highest estimated cost was $3.69 for the algal oil feedstock. 
Considering, transportation, fuel processing and bio-oil, the cost of biojet 
fuel is estimated to range from $2.41 to $4.46 per US gallon with a mean of 
$3.42/gal (Figure 137.)   
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Figure 137.  Total biojet fuel costs may range from $2.41 to $4.46/US gallon. 
At the time of this writing, Jet-A fuel costs an average of $2.02/gallon in the 
world market.  Thus, biojet fuel is estimated to presently cost more than 
petroleum based jet fuel.  However, when Jet-A fuel peaked at over $4.00/gallon 
in July 2008, biofuel would have been competitive.  The value of carbon trading 
and the anticipated future price escalation of crude oil will no doubt determine 
how competitive the price of biojet fuel will be against Jet-A in the near future. 
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 5.0 DISCUSSION 
The objective of this study was to investigate three areas: 1) determine the 
technical feasibility of bio fuels for commercial aircraft, 2) evaluate the 
environmental sustainability of these fuels, and 3) evaluate plausible economic 
business cases for the use of sustainable biofuels in commercial aviation.  After 
conducting research into these areas, it has been determined that biojet fuel is 
indeed technically feasible, it can be sustainable, and it is possible to be cost 
competitive against fossil fuel derived Jet-A fuel when petroleum prices are high.  
The following discussion provides some insights on possible avenues that might 
be successful in establishing a biojet fuel supply chain. 
5.1 Sustainable fuel processes 
Producing biojet fuel and so-called “green diesel” from vegetable oils (plant 
triglycerides and hydrocarbons) can best be accomplished through an energy 
efficient thermochemical hydrotreating process, using hydrogen and catalysts.  It 
operates at lower temperatures and pressures than that required for the refining 
of crude oil through the cracking process.  Hydrotreating removes oxygen and 
other contaminants from the vegetable oil triglycerides and transforms them into 
paraffins.  To improve the cold flow properties, the oil can be isomerized, by 
breaking the fatty acid double bonds, such as found in oleic acid, and then 
building a more desirable branched chain alkane.  Further improvements can be 
achieved by fractionating the biofuel mixture to obtain the proper HC distribution.  
As was discussed in section 4.0, the technical feasibility of producing a biojet 
fuel has now been proven.  Hydroprocessing of vegetable oil, to create a bio-
SPK fuel, proved to be the lowest cost and most energy efficient process 
examined.  Several fuel processing companies are in the planning phase to 
commercialize bio-SPK fuels through this process.  The biojet fuel is anticipated 
to pass ASTM certification by the end of 2010 and should be available for use 
shortly after. 
The single largest hurdle to overcome for large scale commercialization of 
biojet fuel is the supply of massive amounts of affordable, sustainable bio-
derived oil.  There does not seem to be any one “miracle” crop that can supply 
the biofuel needs of the commercial aviation sector.  Instead, multiple solutions 
will be required throughout the world.  Depending on the regional climate and 
natural/human resources, some of the most promising near term approaches 
might involve the development of halophytic crops that can use saline water in 
coastal arid regions (i.e. <25cm rain/year), and Castor in semi-arid regions (25-
50cm rain/year) that have dwindling fresh water resources and insufficient or 
unreliable rain for food crops.  Existing Jatropha plantations will also be a 
regional solution for areas that have already embarked on this approach, such 
as India and China.  One of the most promising long term solutions is the 
production of bio-oil from algal biomass. 
For immediate implementation, Camelina (commonly known as False Flax 
or Gold of Pleasure) appears to be a good candidate crop to start up the biojet 
fuel business.  Camelina does not require high inputs of nutrients and pesticides; 
it also grows well in semiarid regions in soils with low fertility and in colder 
climates.  Camelina possesses unique agronomic traits which could substantially 
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 reduce, and perhaps eliminate requirements for field tilling and weed control. 
This could enable Camelina to not only to have the lowest input cost of any 
oilseed, but also be compatible with the goals of reducing energy and pesticide 
use, as well as  protecting soils from erosion.  Winter Camelina appears to have 
good survivability for the northern part of the US and can be harvested early 
enough to allow potential for double cropping a food and biofuel crop in a single 
growing season.173  As it is presently not an FDA approved food in the US, and 
can be planted as a rotation crop or on fallow land, it will not compete with 
human food production.   
In 2007, 24,000 acres of Camelina were planted in the US.174 There 
appears to be a much higher potential for this crop by it being planted on unused 
land in Montana and other Northern states.  It is reported that Camelina should 
be capable of generating bio-oil in the $2-3/gallon range.175   Camelina is 
thought to be very suitable for cultivation in other parts of the world as well, s
as Central Asia.
uch 
n 176  However, once Camelina oil is approved for huma
consumption (at least in the US) its valuable high OMEGA-3 oil could very likely 
be directed towards the more profitable human food market.  Thus, this 
feedstock may likely be a very short term solution and supply a very limited 
amount of oil for biojet fuel. 
The non-edible Castor bean appears to be another promising near term 
biofuel feedstock crop.  An implementation scheme might involve the 
introduction of castor into semi-arid areas for both large scale commercial farms 
and small farmers such as shown in Figure 138.  These farmers could form a co-
op to grow this drought tolerant castor plant.  Castor could be implemented in 
areas that have suitable rainfall for this crop and would be ideal when the local 
water table is found to be dropping thereby preventing the farmers from planting 
irrigated food crops.  Agricultural organizations could introduce modern planting 
techniques to improve yield.  In order to reduce costs, the co-op could share the 
use of a mechanical harvesting machine.  This approach would be suitable in 
regions where the price of fuel is relatively high, there is an abundance of semi-
arid land, and food crops are no longer feasible due to fertile soil or fresh water 
supply issues. 
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 Corn crop died from drought
Castor crop is doing OK
 
Figure 138.  Small farmers, such as this one in Brazil (middle), could form a co-
op to grow drought tolerant, high productivity Castor. 
In order to reduce the price of Castor oil, it is imperative that new farming 
processes be employed.  Large scale commercial farms or co-ops could be 
established that grow specially bred castor plants that are designed for high 
density planting, high oil content beans and easy mechanical harvesting.  The 
harvested castor seeds would then have the oil extracted by local seed crushers.  
The oil would be shipped to a regional HVO fuel processing facility where it 
would be converted to a bio-SPK fuel.  The fuel would be blended up to 50% 
with conventional crude oil derived jet fuel (Figure 139.)  These fuels could cost 
roughly $3.00/US gallon.   
The north-east part of Brazil (Bahia as main location) and South Texas in 
USA are the most promising locations to establish commercial scale castor 
operations. Using improved castor flora and farming techniques, one contractor 
estimates that castor commercial growth could produce some 6.5 billion US 
gallons (24 billion litres) of castor oil on approximately 30M acres (12M ha) in 
those areas alone. This would be almost 2 times the world biodiesel production 
today.  Considering a 50% conversion efficiency into biojet fuel, about 5% of the 
world’s ~85B gallon commercial aviation fuel could be supplied from these two 
sites. Beyond Brazil and the US, there are additional locations, such as Salta in 
Argentina or El Dorado in Mexico, encompassing 10’s of millions of hectares 
which received a lower prioritization but are still suitable for castor growth. 
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 Make sustainable bio-SPK from Castor oil 
Castor seeds
Crush the seeds to extract oil
Use modified Castor plants for 
mechanized harvest
Regional biofuel solutions  
Figure 139.  Biojet fuel could be made from locally grown sustainable crops that 
don’t compete with food. 
Means to detoxify the bean cake’s Ricin are being undertaken and expect 
to be complete within the next few years.177  The plant’s biomass and detoxified 
byproducts could be turned under into the soil to enrich the loam.  This crop is 
thought to be quite sustainable and might actually help prevent soil erosion in 
abandoned, unproductive farms that were cleared from forested areas. 
Another attractive biofuel feedstock that could be sustainably scaled up is 
an oil-producing salt water tolerant plant (Halophyte).  The crops could be used 
to not only produce oil, but they could also provide protein that could be used for 
animal or possibly human food178, and cellulose that could be fermented and 
turned into ethanol (Figure 140.) 
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Figure 140.  Halophytes could be an attractive crop to produce food and fuel. 
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 Roughly 43% of the world’s landmass is arid or semi-arid while 97% of the 
earth’s water is sea-water.  It is estimated that there is about 2.5B acres of salt 
affected land with another 2.5B acres of desert lands above brackish aquifers.  
Examining coastal lands that would be suitable for halophyte agriculture, there is 
about 130M hectares of available land world-wide.179  The yield of oil varies 
upon the plant species, soil condition, water and fertilizer rates.  Using 
preliminary yields from test plots of Salicornia bigelovii of 223 gal/acre/y
kg oil/hectare/yr)
r (2,000 
ears 
term solution. 
179, if 5B acres of salt affected and desert lands were planted 
with this plant, it might be capable of supplying 1,115B gallons of oil per year, 
which would yield about 558B gallons of biojet fuel per year which is about 6 ½ X 
more fuel than the commercial fleet used in 2004.  One LCA (Figure 126) 
suggests that biofuel derived from this source might be one of the most 
environmentally friendly options.  However, as the study of this feedstock is still 
in progress, the oil production costs are still unknown.  Work has been under 
way to identify the salt-tolerant plant gene180 that could possibly lead to further 
improvements in oil-yielding halophytic plants.  This feedstock presently app
promising and could be considered as a possible mid-
Another promising, albeit longer term solution, might be the production of 
biojet fuel derived from algal oil.   The advantage of microalgae is its potential to 
achieve much higher productivities than conventional oil crops, in part due to its 
continuous production process and high percentage of oil content.  Namely, the 
algae cell does not have to grow roots, stalks, stems, leaves and seed husks, so 
the amount of oil produced from this organism is a much higher percentage of 
the total biomass of the plant.  Research was conducted with several 
organizations to understand the challenges and possible solutions to enable 
algal biomass production for biofuel.   
Previous techno-economic analyses of microalgae oil production have 
been carried out in the past, concluding that low-cost algal biomass and oil 
production is possible in principle, but requires a number of very favorable 
assumptions, from high productivity and oil content, to culture stability and 
harvestability.130, 170    
Figure 141 illustrates an envisioned algal derived biojet fuel process.  Sea 
water and sewage waste water are used to grow the algal biomass in large 
racetrack open ponds.  The algae species are harvested through a very low 
energy process which results in clean water discharge for the sewage treatment 
plant, and algal biomass.  Oil is extracted from the algal biomass through a very 
low energy process, cleaned and then sent to a refining facility that turns the 
algal oil into a sustainable biofuel.   
Alternative energy recovery and conversion processes can be considered 
for either the whole algal biomass or the residues remaining after oil extraction.  
Gasification at near-supercritical water conditions (e.g. high pressure and 
temperature) has been proposed and reported in numerous publications as this 
process has the advantage of not requiring drying of the biomass, and 
recovering the nitrogen content in the form of ammonia, which can be recycled to 
the algae growth ponds181.   However, gasification is a “brute-force” technology 
which breaks down the organic carbon to CO and H2 and is better suited to low-
cost lignocellulosic biomass.  Other thermochemical processes (e.g. pyrolysis, 
conventional gasification, even combustion) would require a dry biomass and 
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 would destroy the nitrogen fertilizer value of the residual biomass.  Thus, even if 
low-cost solar drying were used, this option is not very appealing. 
Use sewage 
water output
Encourage further 
algae growth in 
racetrack ponds
Harvest
Discharge 
Clean Water
Refining 
Process
Sustainable 
BioFuel Oil 
Extraction
Algae
(scaled 
version)
Daggett, David L., Jet Fuel Asia/China Summit 2008, Hong Kong  
Figure 141. Many process technologies need to be developed to commercialize 
low cost algae oil derived biofuel 
Current commercial microalgae production is limited to high-value food 
products that are mostly produced in paddle-wheel mixed raceway open ponds.  
However, these production systems are small and costs must be reduced 10 to 
100-fold for algae oil to be cost competitive with petroleum.  A process 
description of the algal growing process alone is illustrated in Figure 142.   
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Figure 142.  Low cost algae production would need to use free water, nutrients 
and CO2, while utilizing low-cost open ponds, harvesting, dewatering & 
extraction processes. 
The preferred embodiment for algal growth systems are ones that would 
have access to plentiful, free water, such as that from waste water treatment 
facilities as well as plentiful and virtually free amounts of high concentration of 
CO2, such as that found from industrial flue gas (Figure 143.)  Without these 
“free” resources, the cost of procuring water and fertilizer would drive the cost of 
the algae beyond reason for biofuels.  A higher CO2 concentration than 
atmospheric levels is required in order to achieve the growing efficiencies 
needed to make algal oil affordable. 
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Figure 143.  Algae that use sea water and waste water, such as this sewage 
treatment plant (left) and have access to free CO2, such as this powerplant 
(right) would be an attractive option.w 
Microalgae can use waste, sea, and brackish waters and land resources 
(high-clay or degraded soils) that are unsuitable for crop agriculture.  Large-
scale, low-cost production of algal oils would first cultivate unicellular microalgal 
cultures in an inoculum system.  A series of ever increasing circular ponds are 
envisioned where the algae are grown to a predetermined concentration (based 
on the algae species,) and then moved into a larger circular inoculum pond for 
continued growing, and then into the next larger pond and so on.  This system 
reduces capital costs by not having too large of a pond for the algal biomass 
when they are in a very dilute solution.  Introducing a very small amount of algae 
culture into a large pond may also result in its failure to thrive.  Once a large 
enough algae culture is grown in the inoculum system ponds, it is introduced into 
the large racetrack open ponds. 
The racetrack ponds are filled with seawater and a small amount of 
nutrient-containing wastewater.   Depending on the makeup of the wastewater, a 
small amount of fertilizer may be needed to achieve the proper balance of 
Nitrogen, Phosphorus and Potassium needed by the algae.  Organic material, 
obtained from the leftover biomass retrieved from the anaerobic digesters, is 
also added back into the ponds to provide a sufficient carbon source.  
Smokestack effluent is added to the pond for added nitrogen and CO2, which 
feeds the algae and regulates the water PH.  Lastly, sunlight is needed to 
support the algae’s photosynthesis process which then converts the hydrogen 
molecules found in the water and the carbon molecules found in the gaseous 
CO2 and water-born organics into a hydrocarbon containing oil. 
Light, nutrients, temperature, salinity, pH, and other environmental factors 
can all affect the type and level of lipids produced.  Lipid contents of 20-40% on 
a dry basis, and even on occasion exceeding 50%, are often observed.  
However, the major issue is not lipid content but lipid productivity.  For example, 
Botryococcus braunii forms long chain hydrocarbons of up to 60% of the dry 
weight; but it is a very slow growing and low-productivity algae strain.  The total 
neutral lipids in Dunaliella Salina, which has a much faster growth rate, exceed 
30%, and therefore their production would be preferred.  
                                            
w Image obtained from Google Maps, 2009 
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 The output from the pond are: oxygen (during daylight operation) which is 
formed from the photosynthesis process, clean water which is created by the 
removal of the organic materials from the waste water, and algal biomass from 
which the bio-oil and remaining biomass are separated.  
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Figure 144.  Free water would most likely come from waste and sea water, 
nutrients from waste products and CO2 from smoke stack effluent. 
After the algae are harvested and the oil is extracted from the biomass, the 
residual biomass could be used to either produce animal feeds or methane gas 
by anaerobic digestion.  Although animal feeds may appear of higher value, 
when the additional costs of drying, marketing and adding replacement nutrients 
(N, P, etc.) are included, this may not actually be the better option, in that the 
methane can be used for power generation and the nutrients, including carbon, 
can be recycled from both the digester residues.   For algae derived from 
sewage wastewater, methane production may be the only likely plausible choice 
for disposal of the residues after oil extraction due to sanitary concerns.     
Finally, some have proposed fermenting the leftover algal biomass, or more 
specifically any carbohydrate storage materials (e.g. starch in green algae), to 
ethanol.  Such fermentations could be carried out by the algae themselves or by 
conventional yeast.  However, these processes have been little studied, and are 
not thought to be directly relevant to oil production for jet fuel.  Neither are 
approaches where the algae are the fermentation agents and convert starch and 
sugars to oils in the dark through a heterotrophic process.  Also, the issue arises 
of the sustainability of such approaches and the potential competition with food 
of using these crop products for biofuels. Thus the focus here is on direct algal 
oil production with sunlight (i.e. phototrophic process.) 
Due to the potential high productivity of algal oil generation, the production 
of algal oil may be able to easily meet aviation biofuel demands well into the 
future.  The main challenge is achieving the required economics of such 
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 production systems.  However, with sufficient technical progress, it is estimated 
that this oil could be produced for less than $4.00/ US gallon.  As previously 
stated, many of the algal species can grow in sea or brackish water, which 
means that algae farming will not put additional demand on freshwater supplies 
needed for domestic, industrial and agricultural use.  Algae technology offers the 
opportunity to utilize land and water resources that are unsuitable for other uses 
and so is very sustainable.    
In order for biojet fuel to be considered “sustainable, it must be produced 
from renewable oils that do not result in adverse land-use changes which could 
result in large releases of other GHGs. This constraint places a severe limit on 
the amount of climate-friendly biojet fuel that can be immediately produced and 
implemented.  In order to be widely viable in the commercial aviation industry, 
biofuels need to overcome several technical hurdles. However, the task is not 
insurmountable, and there is no single issue making biofuel unfit for 
commercialization for aviation.  
5.2 Commercialization and scale-up 
In most instances when considering near term implementation, biojet fuel 
will no doubt have to compete with other biofuels, such as ethanol and biodiesel, 
for the same feedstocks.  It is therefore prudent to evaluate the scale up 
potential of feedstocks for all biofuels.  Most of the work performed to date by 
other researchers on the scale up potential of feedstocks, has been in regard to 
corn or cellulose for the production of ethanol.   These studies are still applicable 
as the cellulose that can be used to make sugars for ethanol, can also be used 
to create pure hydrocarbon molecules through synthetic biology processes.  
Aside from a potential feedstock, it is also important to consider these studies for 
their potential to supply biofuel to the competing ground transportation sector.  
Namely, if this sector uses all available land for the production of ethanol, there 
will be little land available for the production of oilseed crops which would 
support immediate biodiesel and biojet production. 
A majority of researchers appear to agree that biomass growth can 
sustainably support the production of large quantities of biofuel.  The most well 
known, and often sited, reference is the “Billion-ton” study performed by the US 
DOE and USDA who estimated that 1.3 billion tons of cellulosic biomass could 
be harvested from US farming waste products (e.g. corn stover) and forests 
which could then provide up to 1/3 of the petroleum needs of US transportation 
by 2030.  This figure is probably too optimistic as the study did not consider the 
need to return a certain amount of carbon to the soil to maintain loam health, and 
so a follow-on study is schedule to be completed in 2010 which will result in an 
estimate of approximately 1 billion tons/year availability.182  Other work suggests 
that the billion tons/year potential is achievable by adding perennial energy 
crops, like switchgrass to underutilized prairie lands. 
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Figure 145.  Perennial crops, like switchgrass, could help provide feedstock for 
biofuels.183 
Similar positive results were found by a study conducted by Sandia 
National Labs and GM who estimated 90B gallons/year of ethanol could be 
produced by 2030 at an equivalent price of $70-$120/bbl of oil.  Hoogwijk (2008) 
suggested in her Ph.D. thesis, which supported the basis of an IPCC study, that 
biofuel could supply anywhere from 0 to 8X the amount of biofuel needed 
globally.  In her optimistic scenario, biomass could be grown on 1) abandoned 
agricultural land, 2) fallow lands and 3) low productivity lands.  Lifestyle changes 
would need to be adopted, such as elimination of red meat and dairy products, 
because cattle grazing makes inefficient use of lands that could be used to grow 
biofuel feedstocks.  Other researchers (e.g. Yamamoto, BR&Di, IPCC 2008, 
DOE roadmap (2003), and DOE study (2009) all suggest that increasing 
biomass for biofuel is very possible and could make a significant impact on 
biofuel production.  These studies are summarized below -- 
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 Positive biofuel sustainability studies:184 
  “Billion-Ton” study, DOE & USDA (2005) 
1.3 tons biomass/year by 2030 to replace 1/3 of petroleum. 
  “90-Billion Gallon” study, Sandia & GM (2008) 
15B from corn ethanol & 85B from cellulosic by 2030. 
  Biomass Ph.D. thesis, M. Hoogwijk (2004) 
Abandoned agricultural land and “at rest” land could supply 4-8X the world’s liquid 
fuel demands. 
 Increasing biomass feedstock study, BR&Di (2008) 
Can the US meet the future renewable fuel standards? – Yes! 
 Bio-energy resources model, H. Yamamoto (1999) 
Large supply of energy crops available in developed countries but developing 
countries will have greatest supply from crop residues. 
 Renewable energy scoping study, IPCC (2008) 
Biomass and solar are under-developed.  Detailed model to follow. 
 Agricultural biomass roadmap, DOE (2003) 
A sustainable billion tons/year of biomass by 2030 is possible. R&D is required for it 
to be affordable. 
  Strategies for GHG-reducing technology commercialization, DOE (2009) 
300 Federal policies are in place to help overcome many risks … cost is the greatest 
challenge. 
 
These data seem to be reasonable and are supported by another PNAS 
(liquid transportation fuels from coal and biomass) study projection that 
estimates biomass could be increased from a present 399 tons of 
biomass/year to 548T/yr as shown below -- 
Biomass Type Billion Ton PNAS
Current 2030 Current 2020
Agricultural 194 998 216 324
Forest/woody 142 368 200 224
Total 336 1366 399 548
 
Figure 146.  Others corroborate the potential of cellulosic waste products as a 
feedstock for biofuels.185 
Other researchers disagree with the potential of biofuel to make a significant 
contribution to future energy needs.  The most well-know of these is D. Pimentel 
who has written several papers on the unsustainable nature of corn-derived 
ethanol.  According to his LCA calculations, more energy is required to grow and 
process the feedstock than is gained from its use.  This may indeed be the case 
for old-style processing methods, and so these results need to be considered in 
light of the newer cellulosic ethanol processes currently being developed.  
Another researcher (M. Hoffert) argues that the use of energy is growing so 
rapidly, that in order to produce a future global need of 10 terawatts of power in 
the future, if biomass were used, it would require more than 10% of the world’s 
surface area, which is equivalent to all of the present human agricultural lands.  
This study points to the need for improved energy conservation to curb energy 
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 demand in the future.  It also shows that implementation of other power sources, 
such as geo-power and nuclear, should be developed for electrical generation 
needs as well as ground transportation vehicles.  Other environmental groups 
point to the dire outcome of deforesting lands that would enable the increased 
production of biomass for biofuel.  This is indeed a very real issue to address for 
the future commercialization of biofuels.  It illustrates the need to develop next 
generation feedstocks, such as halophytes and algal biomass, which would not 
be well suited to grow on deforested lands. 
 
Not so positive biofuel sustainability studies:184 
  Corn ethanol opponent, D. Pimentel (at least 11 papers from 1979-2008 
“Large-scale biofuel production is not an alternative to the current use of oil and is 
not even an advisable option to cover a significant fraction of it.”  
 Photosynthesis too inefficient, M. Hoffert (2002) 
Energy demand growth is too high.  10TW of from biomass requires >10% of earths 
surface (all present human agriculture) 
 Food Vs. Fuel debate, environmental groups (2008/2009) 
“Mandating the use and production of these fuels without fully understanding their 
effect on food production and the environment - as current US biofuel policy does - is 
irresponsible and dangerous.” 
 “The Clean Energy Scam” (Grunwald; May 2008; Time) 
Land use changes (i.e. deforestation) to grow biomass will overwhelm any benefits. 
 
To assess the potential of high productivity oilseed crops to supply biojet 
fuel throughout various regions of the world, Figure 147 was created from IEA 
2006 data to show the jet fuel supply and demand in 2005 as well as total liquid 
biofuel production for transport vehicles.  Biofuel production currently makes up 
a small percentage of liquid fuel needs.  Even when compared just to jet fuel 
demand, all of the biofuel produced in the US would only be able to supply 17% 
of its jet fuel needs and Europe could only meet 12% of its jet fuel needs.  
However, the potential for biofuel production may be much higher.  For example, 
the World Soil Resources report (2000) states that only 49% of the arable rain-
fed land in the US is presently used for agriculture.  If all of the remaining land 
were planted with a high yielding (i.e.100 gal/acre) biofuel feedstock then this 
added biofuel production could have met aviation’s fuel needs in 2005.   Other 
regions of the world have much better potential.  For example, only 14% of the 
arable rain-fed land in central and South America are planted.  This leaves 2.06B 
acres of available land for potential biomass production.  This amount of land 
could produce 206B gallons/year of bio-oil, which would be enough to supply the 
entire world’s aviation biofuel needs.  A similar story is found in Sub-Sahara 
Africa.  The environmental impacts of developing this much land is unclear, but 
there appears to be the most potential for biofuel feedstock development in 
these two regions of the world.   
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Figure 147.  Africa and Central/South America will have a much better chance at 
using biofuel to meet their energy needs. 
Because China and India have already cultivated over 70% of their 
available arable land, and there was relatively less amount of suitable 
agricultural land available to begin with, these two regions may have the least 
potential for massive biofuel development that would require arable land for oil-
seed crops.  Thus, for most parts of the world, next generation biofuels, such as 
halophytes and algae, will be required to supply biojet fuel and other biofuels for 
ground transportation. 
Halophyte summary – These species of salt water tolerant plants have the 
potential to achieve the lowest carbon footprint of any of the feedstocks studied 
and may also have the added benefit of preventing the encroachment of deserts 
on semi-arid lands.186  They also have the 2nd highest potential (after algae) to 
supply vast amounts of bio-oil that would meet all of aviation’s biofuel needs.  
However, as the supporting R&D projects for these crops are not expected to be 
completed by the contractors until 2011, independent non-biased data to assess 
the cost of producing oil from these crops is unavailable.  One commercial entity 
quoted that a Salicornia growing system could provide bio-oil in the range of 
$1.00-2.00/gallon.187  The scale up potential of this feedstock can not be firmly 
determined until the cost competitiveness of the feedstock is quantitatively 
determined.  If the cost quoted by present startup companies is correct, this 
feedstock would indeed have the highest commercial and environmental 
potential as a feedstock for biojet fuel. 
Algae feedstock summary -  Massive commercialization of salt water algae 
species, in conjunction with waste water discharge and flue gas effluents, may 
also have good potential to create a sustainable bio-oil that could supply all of 
aviation’s biofuel needs as well as ground transportation needs.  Although there 
is a large amount of uncertainly over its life cycle impacts, it is believed that this 
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 fuel would contribute about 40% less GHG emissions than a petroleum derived 
jet fuel.  This is not as favorable as the halophyte LCA.  The cost for this fuel is 
estimated at $3.00-4.00/gallon.  Several technology hurdles need to be 
overcome and assumptions have been made in drawing this conclusion.  They 
include: 
1.  The cost of building dedicated CO2 and water handling infrastructure is 
very significant for a large scale operation.  It is therefore most likely that 
the economics will require the first plant to "ride" the existing 
infrastructure of coal or gas burning power plants, therefore avoiding 
such costs. 
2. Significant CO2 credits (for instance $20 to $30/MT) would have a very 
positive impact on the economic feasibility of such a project since 2 MT 
of CO2 are required to generate 1MT of biomass. 
3. While it is expected that water and CO2 maybe be provided at no cost 
by an existing power plant, fertilizer is another significant cost center.  
Demonstrating that the flue gas is actually making a significant enough 
nitrogen feed contribution on developing organisms with nitrogen fixing 
capability is required.  Utilization of waste water treatment facility 
effluent will assist in offsetting the fertilizer needs. 
5. More efficient generation of lipids is another key target to address.  The 
goal of producing 25 grams/m2 /day of biomass with a 35% lipid content 
was assumed in this study, which has been demonstrated on a small 
prototype system at Seambiotic in Israel. 
6. Capital costs are critical to address. Assuming that an open pond could 
be built that would achieve a 25g/m2/day production, such a system 
could not economically support an overall capital cost above $10/m2 of 
captured light.  For a closed photobioreactor system, a 100g/m2 
bioreactor productivity is unlikely to be able to support an overall system 
capital cost of above $80/m2 (more likely $50/m2) of captured light.  
7. Overall operating costs for the facility (excluding water, CO2 and 
fertilizer) are likely to need to be below $100/MT (more likely $50/MT). 
Until the price of crude oil returns to high levels (i.e. $155/bbl), or a 
substantial incentive is provided to low CO2 fuels, the large scale commercial 
potential for algae oil is only marginal.  Until demand for low CO2 fuels increases 
dramatically, other feedstocks, such as Camelina, Castor or Jatropha, might be 
better able to supply the small amounts of bio-oil needed for a small scale up in 
biojet fuel production.  There might be more opportunity for biofuels in regions 
that have higher biomass growing potential, such as in South America and 
Africa.  Regions that have low biomass growing potential, such as the middle 
east, might be better suited to growing halophyte feedstocks.  The environmental 
costs of shipping bio-oil to different regions throughout the world would reduce 
the biofuel’s environmental benefits.  For a high biofuel growth rate scenario to 
take effect, halophytes and/or algae would need to be introduced in regions that 
have high oil demand and lower agricultural resources. 
Although it would be a monumental task to provide the commercial aviation 
industry with enough biojet fuel to offset its projected growth rate, there are no 
technical fuel processing challenges in processing that much fuel.  Supply of 
enough feedstock is the critical factor whose success will ultimately depend on 
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 the cost of the competing fossil fuels and the resulting degree of investment put 
into developing the biomass feedstock market for biofuels.    
To consider the enormity of the task, Figure 148 shows that in 2005, the 
IEA estimated that 5.77M bbl/day of jet fuel was supplied globally.  If aviation fuel 
demand were to grow at about 4% per year, and if biojet fuel is certified in 2011, 
then the first large scale plants might be brought on line in 2013.  At this rate of 
demand, 1,286 refining plants (@100M gal/yr capacity) would have to be built by 
2030 to supply the additional 8.4 million barrels oil equivalent (mboe) per day 
demand for biojet fuel.  That equates to a scale up rate of about new 80 biofuel 
plants being built per year by the year 2030. Assuming 50% bio-oil conversion 
efficiency, that means 257B gallons/yr of bio-oil would need to be supplied by 
2030 for aviation alone.  This amount of biofuel scale up is clearly beyond the 
capabilities of first generation feedstocks and would require massive 
implementation of next generation feedstocks, such as halophytes and algal 
biomass, to supply commercial aviation with its increased fuel needs in the 
future.   
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Figure 148.  It is uncertain if enough biojet fuel refining plants and feedstock 
could be provided to meet the growth demands in commercial aviation 
The supply of biofuel for aviation can not be taken into context without 
considering the liquid fuel needs of other sectors.  Other transportation sectors 
will no doubt demand low carbon fuels as well and so aviation will have to 
compete with these sectors. Considering that aviation only uses about 6% of the 
world’s crude oil supply, that aviation is projected to resume its rapid growth rate, 
that environmental pressures will undoubtedly increase, that global oil reserves 
are shrinking, and that there is a looming peak oil production in 2030 (after which 
a falloff in oil supply occurs), the supply of biofuel is seen as a very much 
needed commodity.  However, the amount of biofuel that is needed to close this 
world-wide energy gap in the future is a very challenging scenario to consider.  
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 Other organizations, such as the IPCC’s Committee on Climate Change also are 
concerned that biofuels can only supply a small percentage (perhaps 10%) of 
aviation’s fuel needs by 2050.188  Nevertheless, much more R&D and biomass 
commercialization work should have begun several years ago in anticipation of 
these events.  Business cases need to be developed that show a positive return 
on investment on biojet fuel so that the biofuel industry can grow and help 
prevent an impending crisis in the aviation industry. 
5.4 Airline adoption 
Airlines will adopt biojet fuel when it makes good business sense.  The 
previous discussion showed that biojet fuels would most likely have a difficult 
time competing against the present price of fossil fuel derived Jet-A fuel.  Until oil 
prices rise precipitously again, other considerations might make biojet fuel cost 
competitive in the near term. One factor to consider is the European Emissions 
Trading Scheme (ETS) that will essentially tax commercial aviation operators on 
their aircraft CO2 emissions.  Figure 149 shows three scenarios where biofuel is 
implemented by a representative European airline whose fuel use would amount 
to 700M gallons of jet fuel in the EU. Assuming this airline’s EU fuel use grows at 
4%/year, they would essentially double their fuel use by 2025.  Given a EU CO2 
trading credit of $20/ton in 2011 and that it grows to $50/ton by 2015, three 
scenarios are presented in Figure 149.  The first “low” biofuel use scenario 
assumes biojet fuel is certified and available for purchase in 2017 and that 
biofuel use ramps up to 10% by 2017.  By 2025, the savings to the airline from 
using biojet fuel would be $78M/yr.  In the “medium” scenario, biofuel is certified 
and available in 2014.  Its use increases from 2% in 2014 to 20% in 2018.  By 
2025, the airline would save $156M in ETS fee avoidance by using this 
percentage of biofuel.  In the “high” use scenario, biofuel is certified in 2011 and 
is ramped up to 20% use by 2014.  Increased biofuel blend ratio capability and 
an increase in the availability of affordable biomass enables biofuel to then be 
ramped up to 50% use by 2019.  This would result in the savings of $390M/yr 
savings.  All of these scenarios are predicated on the assumption that biojet fuel 
would cost the same as fossil jet fuel. 
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Figure 149.  Potential cost savings for an EU airline, by using biofuel to avoid 
ETS charges, could be substantial. 
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 6.0 CONCLUSION 
6.1 Achievements 
This alternate fuels project accomplished the following major 
achievements: 
• Was instrumental in establishing an industry initiative (CAAFI) to 
promote aviation alternate fuels 
• Performed 4 flight demonstrations of different biojet fuels and 
feedstocks. 
• Enabled the creation of technically viable biojet fuels. 
• Accelerated development of biofuel feedstocks 
• Catapulted the aviation industry to embrace biojet fuels 
 
CAAFI - At the beginning of this study, it was determined that visitation 
would be needed to each of the major oil companies and to biofuel companies 
that might have the capability to create a biojet fuel.  As travel budget was 
constrained at the start of this project, it was decided to hold an alternate jet fuel 
meeting in Seattle in 2006 and invite stakeholders to Boeing Seattle.  The FAA 
was also invited.  The meeting was very informative and successful.  It appears 
that this was the first such industry meeting on the topic, and so the FAA 
became very interested in the concept and offered to host the next meeting.  
They also engaged the Aerospace Industries Association (AIA), the Air Transport 
Association (ATA) and the Airports Council International of North America (AIA 
NA) to assist and the annual meeting evolved into the formation of the 
Commercial Aviation Alternative Fuels Initiative (CAAFI).  Today there are over 
300 members of CAAFI who represent stakeholders in alternative fuels 
throughout the world (Figure 150.) 
In 2007 and 2008 annual meetings, the CAAFI team members utilized the 
experience gained under this biofuel feasibility study to create an alternative 
fuels roadmap (Appendix A) that is currently used within several US government 
agencies to address R&D needs and funding. 
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Figure 150.  First biofuel meeting lead to the development of an industry 
consortium, Commercial Aviation Alternative Fuel Initiative (CAAFI) to develop 
biojet fuels189 
Flight Demonstrations – At the CAAFI 2007 meeting in Atlanta, GA, one 
Boeing attendee (Oren Hadaller) mentioned that CAAFI could easily “turn into a 
group of people who sit around a table and just talk about alternate fuels.”  After 
some thought on the flight back to Seattle, it was determined that a “lighthouse” 
project would help guide the CAAFI participants towards an end goal of proving 
the feasibility of biojet fuel.  About the same time, Richard Branson of Virgin 
Atlantic Airways publicly stated he wanted to fly an airplane on biofuel.  After 
much coordination between Boeing and GE, VAA was approached with the idea 
of a flight demonstration on biojet fuel, who quickly agreed.  The flight 
demonstration was very successful and lead to 3 other follow-on flight 
demonstrations (Figure 151.) 
 
Figure 151.  Flight demonstrations of biofuel helped progress the development 
and certification of biojet fuels at a record pace.x 
Although the first flight demonstration involved quite a bit of publicity, that 
event generated the enthusiasm needed within the industry to: enable the 
development of better performing biojet fuels, perform follow-on flight tests with 
other airlines, enable laboratory fuel and (very expensive) engine testing to be 
                                            
x Photos obtained from Boeing photo gallery, 2009 
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 funded by the (skeptical) aero engine companies.  This lead to fast-track biofuel 
certification, and created a discussion on the sustainability needs of biojet fuel. 
Biojet Fuel Creation - The first flight demonstration used a FAME type of 
biofuel.  Although this fuel did not provide all of the desired fuel performance 
characteristics, it was chosen because it: met the cold flow requirements, used a 
sustainable feedstock and was an affordable fuel for this fledgling study in 
2006/2007.  Other fuel manufacturers were approached in the beginning of the 
study, but their development costs (i.e. about $1M to 2M) to provide biojet fuel 
for the flight demos were prohibitive.  After the first flight demonstration, many of 
those companies decided to bear the R&D costs themselves and much better 
performing “drop in” biojet fuels were then developed. 
New BiojetExisting Biodiesel  
Figure 152.  New biojet fuels were encouraged to be developed 
Feedstock Development – Prior to this study, biofuel feedstock R&D was 
directed toward ground vehicles and focused on first generation oil feedstocks, 
such as soy and rapeseed.  During the study, it became apparent that these first 
generation feedstocks were not necessarily environmentally sound52 and were of 
limited supply, so research was catalyzed to find environmentally acceptable 
feedstocks that could help aviation meet its biofuel demand goals.  The R&D 
funding was primarily directed towards (affordable) University staff.  It focused on 
the development of next generation feedstock, ways to process those 
feedstocks, and small scale demonstration projects (Figure 153.)  Two of the 
most promising environmentally progressive feedstocks were found to be salt 
water tolerant plants (halophytes) and algae.  For algae, many hurdles remain to 
make this feedstock affordable enough to be burned as a fuel.  Among some of 
the processing achievements the subcontractors made were: development of a 
low cost photobioreactor for an inoculum system, algal dewatering 
investigations, algal oil extraction experiments, and demonstration of small scale 
algal biomass growing systems using waste water and flue gas effluent. 
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 Feedstock Development
Biofuel Feedstock Processing R&D
Algae Demonstration Projects  
Figure 153.  Biofuel feedstock R&D was accelerated 
Industry acceptance of Biofuels –as a result of the biofuel project, the 
visibility and desirability of biojet fuel became elevated within the global aviation 
industry.  Not only did aviation groups embrace the feasibility of biojet fuels, 
organizations such as the FAA, IATA, USAF and GIACC actually set growth 
goals through the use of carbon neutral fuels (i.e. biojet fuel) as shown in Figure 
154. 
50%2017USAF
Agency Carbon Neutral 
Growth Target 
Emissions 
Reduction Target 
Baseline Year 
FAA 2020 17% in 2020 2005 
IATA 2020 50% in 2050 2005
GIACC 2020 2005
 
Figure 154.  Aviation groups rushed forward to claim biofuel implementation 
goals 
6.2 Statement of Conclusion 
The objective of this study was to examine the feasibility, sustainability and 
economic viability of developing a renewable, greenhouse-gas-neutral, liquid 
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 biofuel for commercial aircraft.  The study proved that this concept is indeed 
feasible. 
The study showed that using an approach of a “drop in” jet fuel 
replacement, which would consist of a blend of kerosene and up to 50% biofuel 
is now possible for use in existing and future aircraft. Depending on the biomass 
feedstock, about a 60-80% lifecycle CO2 emission reduction for the biofuel can 
be achieved.  When using modern bio-SPK processing methods (i.e. 
hydroprocessing, isomerization & distillation techniques), no degradation in biojet 
fuel performance was found over conventional jet fuels.  In fact, better 
environmental performance was observed in the form of particulate emissions 
reduction and an increase in energy density (BTU/lb fuel).  Providing enough 
feedstock sources to manufacture large amounts of biojet fuel at reasonable 
prices is the greatest remaining challenge.  It appears as though high-
productivity next generation feedstocks (e.g. algal biomass) will need to be 
developed to enable large scale deployment of sustainable biofuel and also so 
that that they can become economically competitive in the near future.  Biojet 
fuels can become economically competitive once crude oil prices increase again.  
Other incentives, such as ETS, will help provide stimulus to develop biofuels for 
aviation. 
6.3 Further work required 
As the largest remaining challenge for biojet fuel implementation is the 
production of massive amounts of low-cost bio-oil, further work is needed in the 
development of promising biomass materials, such as algae.  Figure 155 
illustrates an envisioned process of growing, harvesting and extracting algae oil 
and its byproduct.  Needed R&D is listed in each step to bring down production 
costs. 
Although some Life Cycle Analysis studies have been initiated, algae 
technology is sufficiently immature that large uncertainties exist in the LCA 
results.  When the technology matures, more LCA studies would be warranted to 
assure that algae-derived biofuels are indeed an environmentally preferred 
option.  
The algal biofuel business case analysis presented in this report is based 
on immature technology and optimistic assumptions of overcoming many 
processing hurdles.  The business analysis will need to be updated as the 
technology hurdles are overcome. 
A capacity study will be needed to establish the viability of growing algae 
around the world in various climates and physical locations.  Optimally, in order 
to maintain the environmental benefits of algae, the oil should not have to be 
shipped to distant locations for processing.  This will require local growing 
facilities near the oceans (for water availability,) and even some inland, where 
relatively small amounts of waste water, nutrients and CO2 are available.  The 
capability of biomass to offset the enormous amount of fossil fuel currently used 
remains to be proven. 
As the many algae growing/processing plants throughout the world will 
most likely need to use native algal species, R&D will need to be performed to 
identify the many remaining unidentified species and characterize their oil 
production productivity. 
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 Large-scale, closed-system inoculum photobioreactor systems will be 
needed to grow the algal biomass seedstock prior to introduction into the open 
ponds.   Research needs to be applied to investigate ways to reduce the capital 
costs of these photobioreactors. 
Capital costs also need to be reduced on the construction of open ponds.  
One example of useful R&D would be for the development of very low cost pond 
liners and water mixing systems. 
Scalability studies need to be conducted to find the optimal size of the open 
ponds for maximum algal biomass productivity and lowest operating costs. 
Optimal growing conditions for peak productivity need to be established for 
each strain of algae being cultivated.  This would include water temperature, light 
exposure, algae water mixing, PH, CO2 level, effluent gas makeup content, 
nutrient loading, growth phase vs. oil accumulation phase, inoculation intensity, 
as well as seasonal effects. 
Methods to enhance lipid content need to be further investigated, whether 
they are through nutrient deprivation, high throughput breeding, new strain 
development, or hybrid growing methods (i.e. open pond for rapid cell growth 
and then photobioreactor for lipid enhancement.)  
As the algal biomass makes up about 0.01% of a concentrated algae/water 
mixture, developing low operating and capital cost harvesting systems are a very 
important area to pursue.  This might involve multiple technologies, such as 
using algae with auto biofloculation tendencies (i.e. when the pond water isn’t 
stirred, the algae rapidly settle to the bottom) and microscreening process. 
Once the algal biomass is harvested from the ponds, it may be necessary 
to de-water the remaining algae/water mixture to the consistency of a paste.  
Therefore, processes need to be developed that can do this in an energy 
efficient manner. 
The bio-oil then needs to be extracted from the algae paste in an energy 
efficient process to make sure that more energy isn’t used processing the algae 
oil than is contained in the algae itself. 
Depending on the nutrient, water and CO2 sources, the algae could contain 
high levels of contaminants that would need to be removed prior to the oil being 
processed into biofuel. 
Lastly, as over ½ of the algae biomass will be a leftover by-product, a 
useful market will need to be created for a co-product.  As the oil portion of the 
algal biomass is desired to be relatively affordable, it would be helpful for the co-
product to have high value. 
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Figure 155.  Future work is needed to mature the most promising biofuel 
feedstocks such as algae and its processing system. 
For further work on Halophyte biomass, one of the core questions that 
remain is that of cost for the bio-oil and other co-products.  Can bio-oil from 
Halophytes indeed be produced for $1-2/gallon? Other areas of R&D that have 
been identified190 are: 
- establishment of a halophyte germplasm collection 
- development of marketable products 
- establishment of an international coordination centre 
- establish a world halophyte garden 
By far, the most work left to accomplish is to educate the public on how 
precious fossil fuels are, the diminishing fossil fuel reserves191, and how difficult 
it is to create massive amounts of environmentally preferred alternatives. 
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Anonymity of Boeing subcontractor identities 
The Boeing Company provided funding to carry out the research described in 
this thesis.  In evaluating the tradeoff of disclosing R&D information that could 
possibly provide a competitive advantage to Boeing, the decision was made 
that this information would be of value to society and the entire commercial 
aviation sector, and so the information is released into the public domain in 
the hope that it will encourage the development of environmentally preferred 
fuels. 
As part of the study, subcontracts were issued to several additional 
researchers to support research and development in the area of alternative 
fuels.  The effort to establish a biofuel R&D supplier database was a 
substantial undertaking.  However, as the alternative fuels field is rapidly 
expanding, there are no doubt other endeavors and companies that have not 
been fully explored.  Therefore, in order to avoid suggesting that one 
subcontractor may be preferred over another, the names of most 
subcontractors were kept anonymous in this report. 
With most researchers, nondisclosure agreements were issued to each 
subcontractor specifying that neither Boeing nor the researcher were to 
publicly disclose the identity of the other party unless a disclosure agreement 
has been mutually signed.  In these cases, the researcher was contacted to 
gain their approval for use of the jointly developed information in this report.  It 
was difficult to know how far to apply anonymity to the other researchers or 
companies.  In some cases, references are made to specific researchers or 
supporting research.  However, this in no way suggests that this is the only or 
best source of the R&D information.  In the case where information was 
previously published by the subcontractor, that information was freely used in 
this report without further approval. 
 
